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A study of neutron induced fission cross section of U in the 
subthreshold energy region of 318 keV« A thesis submitted for the 
degree of M.Phil in the University of Surrey
SUBTHRESHOLD PHENOMENON IN P 4 FISSION
234
by
A. IChatoon
ABSTRACT
234  ' 1 '•The fission cross section of,U.-over the energy range of
180 keV to 6 MeV has been measured in high resolution experiment by
neutron time of flight technique on the Synchrocyclotron at Harwell. ■;
The results show intermediate structure in the fission cross section
near the vibrational resonance at 318 keV.
The narrow intermediate structure below the threshold region
(below 20 ke¥) was first observed by James and Rae ref. (1.11). The
parameters.of many of the fine structure levels comprising the
resonances at 638 eV were determined by James and Slaughter, ref.
(1.12) who showed that the fission widths of the fine structure
have a Lorentzian energy dependence. A broad resonance in.the
234fission cross section of TJ was first observed by Lamphere ref.
(1 .2) in the subthreshold region at ~ 325 keY. The present measure­
ments have confirmed the existence of the broad resonance which is 
found to be centered at 318 keV. The fission cross section at 318 keV 
is obtained to be 0. 16b and is consistent with the value obtained 
by Lamphere ref. (1 *2). It has been suggested by Lynn ref. (1.24) 
that the break observed at 318 keY is associated with a vibrational 
level occurring in the second minimum of the potential energy expressed 
as a function of nuclear deformation. It has also been suggested 
by Lynn that the narrow intermediate structure at low energy observed 
by James and Rae could he associated with the wing of a vibrational 
level which could be the one observed at 318 keV. The present
measurements were carried out to discover whether intermediate
234 ,structure exists in the fission cross section of U at near 
subthreshold energy of 318 keV, and also to decide whether the
properties of this structure were consistent with the parameters of 
the resonances at 638 eV, so verifying Lynn's suggestion. The 
structure is expected, from the low energy data, to have a spacing 
which is somewhat greater than the experimental energy resolution, 
~1lceV at 318 keV. Significant fluctuations in the cross section 
have been observed and the evidence of the structure at this energy 
has been established. To support the -evidence, the fission cross 
section has been simulated using a model based upon Lynn’ s[ref. (1.24)] 
theory of Intermediate Structure. From the simulation, the height of 
outer barrier of the double well potential curve has been estimated 
to be 892 keV. The simulated fission cross section yields a 
structure, the average properties of which are consistent with the 
average properties of the observed structure at 318 keV.
The low energy parameters have been deduced from the simulated 
fission cross section and compared with the values obtained experi­
mentally by James and Rae. This showed that the square root of the
JL
Class-II fission width, (r^ Il)2, deduced from the simulation is 1.7 
standard deviation away from that of the experimentally observed 
fission width by James and Rae.
Dr, A, Langsford, who supervised the experiment, for his invaluable 
advice and assistance throughout the course of the experiment and his 
constructive comments on my thesis.
Dr. G, D. James for his diligent partnership and his valuable work
on the stochastic analysis by Simulation arid for useful discussions.
*
My colleagues, Messrs. I. T. Belcher, G, C, Cox, P. Bowen for their 
assistance with the preparation and running of the experiment. The 
engineering and operating staff of the cyclotron in particular 
Mr, K. C. Done, Mr. L. R, Caldecourt and Mr. D. Week for their willing 
cooperation and assistance. Dr. B. Rose and Dr. A, E. Taylor for 
making arrangements for me to work on the Synchrocyclotron. U.K.A.E.A. 
for providing me with a research grant. Professor D, F. Jackson for
assisting and encouraging me to take up research at Harwell, To a ll
Vi
those wonderful friends and people who during my 3 years stay at Harwell 
have been very kind and friendly that made my .stay in the U.K. very 
pleasant.
Acknowledgement
I would like to express my sincere thanks to the following, ^
CONTENTS
1.1 Introduction to the phenomenon of 
subthreshold fission.1
1.1.1 The anomalies in the fission cross section
1.2 A brief survey of the Earlier work on the
fission anomalies
2341.2.1 The structure in U fission cross section 
The earlier work. At high energy.
1.2.2 At low Energy
1.3 The theoretical interpretation of the
observed anomalies
1.3*1 The potential Energy of Deformation 
of nuclei
1.4 The Intermediate States
2341.5 The structure in U fission cross section
1.6 The purpose of the present experiment
Chanter 2 The Synopses
2.1 Introduction to the Experiment
2.2 The Aim of the Experiment
2.3 The Neutron Bursts
2.4 U234 and U235 foils
2.5 The Detectors
2.6 Neutron Time of Plight
2.7 U234 fission cross section
2.8 The Neutron Elux
Chapter 1 Introduction
v3»1 Introduction 17
3.2 Neutron Burst Production 17
3.3 The Deflection System 18
Chapter 4 THE EXPERIMENT
4.1 Introduction 21
4.2 The Mission Chamber 22
4.3 The Target Holder Assembly 22
4*4 The foils 22
4.5 The Main fission Detectors 23
4.5*1 Mission Counting Loss in the detectors 25
4.6 The Collimators 25
Chapter 5 THE ELECTRONICS
5.1 Introduction 27
5.2 The Timing Unit 28
5.3 The Start Pulse 29
5.4 The Stop Pulse System 30
5.5 Time Calibration 31
5.6 The Scalar Information 32
5*7 The Experiment Control System 32
5*8 Camac Interface and Display 35
Chapter 6 THE EXPERIMENTAL PROCEDURE
06.1 Introduction 35
6.2 The Beam Optimization and Monitoring 35
6.2.1 The Beam Monitoring 35
6.2.2 The Optimization of the beam 37
Page
Chapter 3 THE EXPERIMENTAL TECHNIQUE
6.3 The Fission Detector Gain Setting 37
6.4 Time Calibration 38
6.5 Operational and Routine Checks 39
6.6 Data Collection 40
Chapter 7 DATA ANALYSIS
7-1 Introduction 41
7.2 Computation of Neutron Energies 41
7.3 Alignment of the Spectra 43
7-3.1 U255 Spectra 43
7.3.2 U234 Spectra ' 44
7.4 Addition and Processing of the spectra 45
7*5 Energy Bands 46
7.6 Linearity of the Channel width 47
Chapter 8 STRUCTURE IN U254 FISSION CROSS SECTION
8.1 Introduction 49
8.2 The Structure in U2 4^ Fission 49
cross section (The Theory)
8.2.1 The Coupling Parameters 52
8.2.2 The properties of the Class-I and
Class-II States 53
Chapter 9 THE RESULTS
9.1 Introduction 54
SECTION I
9.2.1 Lamphere's curve 55
9.2.2 The Average Fission cross section curve 56
9.3 The Broad Resonance at 318 keV 57
9.4 The breaks in the fission cross section
at other energies 57
Page
9.5 The Evidence of the existence of the ,-0
intermediate structure at 318 keV
9.6 The average properties of the observed
structure at 318 keV 60
9.7 Discussion 62
9.7.1 The Interpretation of the Results
giving rise to the observed structure 62
9.7*2 Comparison of the results with fission
parameters at low energy 63
9.7.3 The coupling matrix elements at low
energy 65
Chapter 10 ANALYSIS BY SIMULATION
10.1 Introduction 67
10.2 The Theory of Simulation 67
10.3 The Simulation Procedure 70
10.3.1 The fitting of the parameters 73
10.4 The structure parameters derived from
the simulated fission cross section 78
10.4.1 The Gross Structure 78
10.4.2 The Simulated Intermediate Structure 79
10.5 Conclusions 82
Appendix A The calculation of Neutron flux 84
A. 1
SECTION II
Appendix B
B. 1
B.2
References
Preliminary Experiments with the 
Detectors
Response of the detectors with Cf 
Source
Response w ith  a-sources
252
86
86
87
Introduction to the Phenomenon of Subthreshold. Fission
1.1.1 THE ANOMALIES IN THE FISSION CROSS SECTION
The phenomenon of subthreshold fission, since its discovery 
(l.l), has been attracting the attention of the experimentalists 
and the theoretician alike. It has long been known that certain 
anomalies are exhibited in the fission cross section of certain 
transuranic elements at energies below the fission threshold 
(1.1, 1.4). A wide range of transuranic elements show a 
threshold effect at several hundred keV.
The fission strength based on the collective model of 
fission (1.5) is the well known Hill-¥heeler form, defined as,
2 n  T)' =  —— — . “  . . . . . .  (1 • 1 )
1 + exp.[2. n |Ef -  E } /fia> ]
where E^  is the height of. the potential barrier, andtfu> is a
. . • •• ^
measure;of the barrier thickness and represents the circular 
frequency of an inverted, harmonic oscillator parabolic form of 
the barrier. The quantity on the right hand'side of Equation (l.l) 
is the tunnelling factor to overcome the potential barrier.
The fission strength has normally been assumed to be a 
monotonically increasing function of energy E. But the exis­
tence of the anomalies in the fission cross section are inconsis­
tent with the assumption that f  f depends only on the penetrability 
of the barrier and is a monotonically increasing function of 
energy. Above the threshold energies a step-like, behaviour in
CHAPTER 1
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the f i s s io n  cross s e c t io n  (2- 1) Las been shown fo r  cer ta in
elements. This behaviour has originally been explained on the 
basis of the competition which takes place between the fission 
mode and the inelastic scattering of neutrons. This takes place 
in the compound nucleus in an attempt to dissipate the available 
energy as one of the various modes of dissipation. At certain 
energies this competition is supposed to inhibit the rise and 
cause the fall in the fission cross section with increasing 
energy. On the similar basis, attempts have been made to explain 
the anomalies observed at subthreshold energies of excitation.
The competition in the compound nucleus between the fission and 
other modes is governed by the ratio
as the sum of the probabilities of decay through fission, neutron 
emission, neutron inelastic scattering and y-emission respectively.
where D represents the mean resonance spacing, and N is the 
effective number of channels open at excitation energy. It was 
assumed that the fall in the fission cross section occurred due 
to the opening of each new channel for neutron inelastic
where the denominator represents the total probability of decay
The fission width on the basis of statistical analysis (1.14-) 
is given by
N . . . . .  ( 1 . 2 )
scattering with increasing energy. (1.15)? (1.16). However, the 
recent measurements and more careful analyses (1.18) - (1.20),
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fission is not sufficient to explain the relatively large fall
in the cross section. A few examples of the anomalies observed
for some nuclei will now he dealt briefly in the following section
234before discussing those in the case of U which is the subject 
matter of this thesis.
1.2 A Brief Survey of the Earlier Work on the fission Anomalies
( 1 ) Th2^0
230The neutron induced fission cross ’section behaviour of Th is 
one of the earliest and most striking example of such an anomaly.
There exists a broad maximum at 750 keY in the fission cross section 
curve as a function of energy, rising to 50 mb and falling to a/ 12 mb 
at 800 keV fig. (l.l)-(a). Associated with this is the angular 
distribution of fission products, fig. (l»l)-(b) which shows a 
considerable increase at the maximum observed in a comparatively small 
range of energies. Eigure (1•2) shows a theoretically simulated curve,
(1.18), (1.19), reproduced on the basis of the neutron inelastic 
competition calculations. It can he seen that the drop in the fission 
cross section is not as big and sharp as in the real situation.
( 2 ) P a 2^1
Similar structure is observed in Pa (l«7). The fission cross 
section curve has three maxima, fig. (1 -3)» occurring at 350 keY,
550 keV and 880 keY. The first peak at 320 keV is about 80 keY wide 
and falls to half its value of 100 mb at 400 keV. The second peak at 
530 keY reaches 550 mb with a large rate of fall at higher energies 
which seems too great to he due to competition.
have shown that the neutron in e la s t ic  s c a tte r in g  competing with
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(3) Pu24Q
The fission spectrum in Pu24° (1.9) measured between 200 eV to 
8 keV shows a resonance structure of particularly high fission widths 
fig. (1.4). The mean fission width in the energy range below 450 eV 
and 4 keV is about 3*5 meV. The resonances at 782 eV have a fission 
width of 130 meV while its immediate neighbours at 750 and 791 eV have 
a fission width only of about 10 meV, indicating that there are 
distinct groups of resonances below threshold.
(4) ufj
The fission cross section in this nucleus exhibits breaks far
below threshold, at 63O keV, 950 keV and 1.2 MeV (1 .8) fig. 1.5.
/ x 234(5) The Structure in U fission cross section 
The Earlier work
1.2.1 At High energy (near threshold)
234-The anomaly threshold in the fission cross section of U 
was first observed by Lamphere (1.2). It consisted of a broad 
maximum around 325 keV, about 50 keV wide, fig. (l.6)-(a). The 
anomalies observed by Lamphere were also associated with marked 
anomalies in angular distribution of fission fragments at these 
energies fig. (lo6)~(b). The angular anisotropy was explained 
on the basis of A. Bohr’s theory (1.16). According to Bohr's 
channel theory, the shape of the curve near threshold is supposed 
to be associated with the existence of a IC-band structure, 1/2 , 
3/2 , and 1/2 , near the saddle point deformation. Here K 
represents the projection of total angular momentum I along the 
major axis of deformation. Above 1100 keV the picture becomes 
complicated by the addition of other channels.
\
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Additional structure, in Lamphere’s curve, was indicated,
fig. 1 .7 >by the reaction d(p,f) on U2'^ by Yandenbosch (1.29)
with better statistical accuracy than that by Lamphere and was
explained on the basis of Bohr's channel theory. The channel
234analysis of neutron induced fission in U nucleus was also
performed by Vorotnikov (1.20). In this analysis it was pointed
out that the fission width F is non-monotonic function of
x
energy. The strength function, was shown to comprise of a series
71of overlapping peaks with different-K states where n denotes 
the parity of the system, fig. (1.8). The analysis of the 
angular distribution in this reference identified a value of K 
as 1/2 with negative parity at 325 keV, and those at 600 keV 
and 8050 lceV as 3/2 • The appearance of a number of peaks in 
the strength function suggested that a nucleus passes through a 
set of quasi-stable states as its excitation energy increases.
The calculated anisotropy based on the inelastic scattering 
competition differed from the measured value by more than five 
order of magnitude. This analysis emphasized the fact that the 
irregularity in the fission cross section could not sufficiently 
he explained on the neutron inelastic scattering competition.
1.2.2 At Low Energy (Below the threshold)
At low energies groups of fine resonances were found to exist 
by James and Rae (1 -11) and later by James and Slaughter (1.12) 
j Pig. (1.9)(a) and (b)J . The fission cross section curves 
obtained by James and Rae show three distinct regions of strong 
fission yield below 20 keY, fig. (1.9) The first group of 
resonances extend to 0.7 keY and below 0.37 keV the group has
- 5 -
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measurable average fission width of 0.098 meV. The second and 
third groups are centred at 8.33 keV and 13.9 keV and extend 
over 1 keV. The area under the fission cross section curve for 
three groups is respectively, 97.7 b':eV, 52 beV, and 32 beV.
These areas are decreasing with increasing energies and show a 
general trend of decrease in fission cross section beyond the 
resonance energies. This behaviour cannot be explained on the 
basis of neutron inelastic emission competition at such low 
energies.
The theoretical Interpretation of the Observed .anomalies 
1.3*1 The potential Energy of Deformation of nuclei
An introductory account of the theoretical consideration^  
for the existence of the anomalies in the fission cross section 
is given here in brief.
The solution to the discrepancy arising seems to lie in the 
investigation of the nature of the potential energy of the 
nucleus as a function of deformation. It has been known (1 , 14), 
(1.15) that the potential energy of an actual transuranic nucleus 
as a function of deformation parameter p is of the form as shown 
in fig. 1.10. The potential energy for small negative values of 
P reaches a minimum at moderate positive value corresponding to 
the permanent stable, deformation in i^ts ground state. The potential 
energy curve then rises to a maximum, the saddle point, then falls 
towards the scission. Eig. (1.10) shows this liquid drop model 
(LDM) form of the potential barrier. The parameter p is the 
coordinate describing prolate deformation of the nucleus through 
the saddle point in the surface of the nucleus.
However a stimulating suggestion was made by Strutinsky 
in an attempt to explain the saddle-point deformation and barrier 
heights of the deformed nuclei. Strutinsky (1 <,21) adopted a 
combination of liquid drop model and a Nilsson’ s deformed shell 
model (1.22), and showed (1 .23) that the non-uniformities in the 
energy distribution of single nucleons in the nuclear binding 
field influence the stability of heavy nuclei against fission in 
a very important way. The LDM has been quite successful so far 
in giving reasonable description of the average properties of the 
fission process but ignores the effects due to 'shells or intrinsic 
nucleonic states in the deformed nucleus. However it was pointed 
out by Bohr’ s channel analysis of angular anisotropy (1.16),
(1.19), and the presence of intermediate structure in fission 
cross section together with many other experimental evidences 
(1.28),that the specific intrinsic nucleonic states play an 
important role in the process of fission and cannot be ignored.
The deviation from LDM have always been attributed to the single 
particle effects or shell effects in the case of light nuclei, 
therefore an attempt was made by Strukinsky to modify the 
traditional LDM with the attributed shell effects in the case of 
heavy nuclei as well. According to Strutinsky, when a nucleus 
is deformed, the single nucleon states near the Fermi energy 
fluctuate in density. The nucleus is more bound when
there is a shell or thinning out of the level density near the 
Fermi energy because the nucleons occupy the lower states in this 
case. Conversely an increased density leads to reduced stability 
of the nucleus. The fluctuation in the single particle densities
-  7 -
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leads to modulations of the smooth LDM deformation energy of the 
nucleus, fig. (1•11 )• In a reasonable approximation the potential 
energy of the nucleus can be written, including the shell correct­
ion as
■^ pot “ L^DM + ^shell + ^pairing
L^DM 'k*10 average LDM energy, E  ^ ^  118 correction due to 
shell. effects and ®pa-^rjLng -^s pairing energy and is the sum of 
neutron and proton terms. The correction teim due to pairing 
effect is negligibly small.
The minimum in the potential energy at the smallest defor­
mation fig. (1•11), corresponds to ground state deformation. 
Important shell effects present at larger deformation, ^>(3^, 
in some cases, can give rise to a second minimum in the defor­
mation energy. The second minimum has been found to exist a few 
MeV above the ground state for certain nuclei at a deformation 
which is 2 to 2.5 times larger than the ground state defor­
mation (3q. This corresponds approximately to the saddle point 
in LDM shape of the potential harrier fig. The presence
of the second minimum affects very strongly the observed features 
of the fission process. The experiments and calculation seem to 
confirm and indicate that the presenoe of the second minimum is 
a general feature for many heavy nuclei. The experimental 
evidence of the presence of the second minimum are (i) the 
observed narrow intermediate structure and the broad anomalies 
in the fission cross section (ii) the fission isomerism (1.28).
The discussion will he confined only to (i) for the sake of 
brevity.
-  8 -
On the basis of the Strutinsky’ s form of potential energy of 
the deforming nucleus, the observed subthreshold anomalies have now 
been interpreted simultaneously by Lynn (1.24) and Weigmann (1.27). 
According to them, in the hot nucleus the collective motion in an 
attempt to dissipate energy, gives rise to a shape of the nucleus 
which corresponds to the first or the second minimum. There are, 
therefore, two intermediate equilibrium states, each corresponding 
to each of the two minima. The compound states corresponding to 
minimum -I and to minimum -II are denoted by Class-I and Class-II 
states, (fig. (1.12). For a given total energy of the compound 
nucleus, the excitation energy in the second minimum v/ill be less 
than in the first minimum as the second minimum is higher. Hence the 
density of the particle excitation levels at smaller deformation Pq 
will be larger than the density of the particle states at larger 
deformation P^ in the second minimum. The levels in the second 
minimum act as the intermediate states on the way to fission from the 
normal compound resonances to scission. The nucleus undergoes 
transition from compound nuclear level to the intermediate state 
only when the excitation energy gives rise to a resonating nuclear 
compound state which is almost equal to the energy of one of the 
intermediate states at deformation p^ . This intermediate state will 
resonate and in turn will give rise to fission with higher probability. 
However, this probability will be higher only when the class-II 
intermediate states are strengthened by the vicinity of the class-I 
compound nuclear states. In other words, an oncoming neutron cannot 
excite the intermediate states in the second minimum in the absence
1 .4  The Interm ediate S ta tes
- 9 ~
of the nuclear levels in the first minimum at that excitation energy. 
These intermediate states in the second minimum thus give rise to the
structure observed in the fission cross section as observed in many
cases (sections 1.1 and 1.2).
■' • ' '■ 2341.5 . The Structure in U fission cross section ’
It was suggested by Lynn that the break in. the fission cross 
234section of U at 325 keV could arise from, the excitation- of a
vibrational level occurring in the second minimum. The narrow inter­
mediate structure observed by James and Rae ( l .1l)also are interpreted as 
to have been associated with the class-II compound states, (associated 
with the vibration) in the second potential well. These states are
less dense than.the states in the first minimum. They have a greater
chance to fission having only one barrier to tunnel through rather 
than two, and hence the occurrence of resonances at ,,subthresholdn
energies. The theory and the interpretation of the structure
234observed in the case of U at low energies will be discussed in
detail in chapter 8 as they are significantly related to the results
*
of the present experiment.
1.6 The purpose of the present Experiment
The purpose of this experiment was to investigate the structure
234in the fission cross section of U as a function of incident neutron 
energies. The investigation was aimed for the crucial energy range 
around 325 keV in order to confirm the existence of the broad maximum 
observed by Lamphere. But the main interest was inspired by the 
prediction made by Lynn that the break at 325 keV may exhibit some 
kind of structure, which can be attributed to Class-II intermediate 
states in the second minimum. In order to search for the evidence
-  10 -
measurements with better energy resolution than have hitherto been
obtained at this energy. In the present experiment, the measurements
have been carried out over an energy range of 180 keV to 6 MeV. At
the crucial range between 260 keV to 450 keV an energy resolution of
the order of 1 lceV has been achieved. This enabled to investigate
and establish successfully the evidence of the structure at these
234near threshold energies in U fission cross section. The results 
obtained and their interpretation are discussed in Chapters 8 and 9, 
based on the theory proposed by Lynn. A theoretical simulation is 
performed to support the results of this experiment and is discussed 
in Chapter 10.
of the stru ctu re at 325 keY, i t  was deemed necessary to obtain
- 11 -
\
\
2.1 Introduction
The neutron induced fission cross section measurements were
carried out using time of flight spectrometer with Harwell 2.8m-
synchrocyclotron. The synchrocyclotron was used as a pulsed source
of neutrons. The neutron energy range covered for these measurements
was from 180 keV to 6.0 MeV. The neutron time spectra obtained were
analysed to give neutron energies and data was used to calculate the
234relative U fission cross section. The following sections describe 
the logical sequence of the experiment briefly for the sake of the 
foreground lcnowledge of the experiment prior to the detailed chapters 
on the techniques, the equipment and the procedures related to the 
performance of the experiment.
2.2 The Aim of the Experiment
The aim of the experiment was to carry out the measurement of the
. ' 234fission cross section of U with an energy resolution which would
help establish the existence of the structure in the fission cross
section at 325 keV with sufficient accuracy. Such measurements are
time consuming due to the low fission rate at this energy. This
requires the use of a number of thin samples if the fission fragments
are to he observed at a reasonable rate, and the good energy resolution
is needed together with ample neutron flux. In order to compromise
between the need of the ample neutron flux and an adequate energy
resolution a flight path of 16.835 metres was chosen. This resulted
in a time resolution of a/3»64 ns/channel around 325 keV and an
-2
CHAPTER 2
INTRODUCTION TO THE EXPERIMENT
estim ated neutron f lu x  o f about 2 .2  x 10 neutrons
-  12 -
IFI
G.
 2
-1
-2  -1cm sec eV. The measurements were aimed firstly, to confirm the
existence of the broad maximum in the fission cross section at 325 keV as
established by Lamphere (ref. 1.2 ) and secondly to provide an
evidence of the intermediate structure within the broad maximum at
this energy. It was anticipated that the number of fission events
234could be increased by using three XJ foils and fission cross 
section could be measured within a statistical accuracy of ^16% 
within 1 keV interval of the energy. Another object of the measure­
ments was to calculate the neutron flux using fission cross section
235 t \ 235of U 'from ref. (2.1) and talcing alpha-activity of U into account
to determine the flux.
These sections give an introductory account of neutron bursts
production, foils, detectors and of conversion of time of flight
of neutrons into their energies.
2.3 The Neutron Bursts
In order to induce fission, the neutron bursts were obtained by
deflecting 4*5 pA circulating proton beam onto a 3*8 cm thick tungsten
target placed inside the cyclotron chamber. The deflection of the
proton beam was achieved by applying a 36 kV deflecting pulse to a
set of parallel plates'situated a.t the mean radius of 1.14 m in the cyclotron
chamber. •
The neutron beam thus produced was collimated and examined in a
direction of 180° to the incident proton beam,"fig. 2.1. In this
way the forward high energy peaks were eliminated and only neutron
evaporation spectrum was obtained. A typical spectrum is shown in
the fig. 2.2 as obtained by means of one of the surface barrier
detectors used. The time spectrum is a plot of number of events . *
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Fig. 2.2 U234 Time-Spectrum
Channel No.
235F ig . 2 .3  U Time-Spectrum
detected in each time channel. The channel corresponding to the 
flat top' corresponds, to the neutron of energies of MeV.
2’ 4 U234 and U2^  foils
234Three foils carrying U spread'over areas of 2.54 cms diameter
-2each with a surface density of 0.4 mg cm were used. It was necessary
to use more than one foil due to extremely low fission rate. This
allowed the fission counting rate to he higher making about 10^
statistical accuracy feasible in the count rate.
A fourth foil, used to determine the shape of the neutron flux,
235carried U over an area of 2.54 cm with surface density of 0.3 mgm
-2  ■ cm „ The foils were placed at right angle to the beam in one plane
so that they were exposed to the same neutron flux. A description
of the "foils is contained in Table 2.
2.5 The detectors
The fission fragments from these four foils were detected by
four Au-Si surface harrier detectors, each one of them placed at
3 mms behind each foil. Three of these detectors had a sensitive
area of 18 mm diameter and the fourth one had an area of 29 mm
diameter. The resistivity of these detectors varied from 2 50-fco
15000 ohm-cm. The foils and the detector held in their'holder were
housed in a continuously evacuated fission chamber shielded by an
iron wall 1.37 m thick and a concrete wall 1.92 m thick, (Fig. 2.1).
After traversing 16.835 metres flight path, about 8 metres of which
were evacuated, the neutrons entered and left the chamber through
0.013 cm thick melinex windows. The surface harrier detectors were
used for their advantages discussed in detail in Chapter 4° But the
important reasons were their insensitivity to neutrons and Y-rays
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(which helped at least in eliminating the beam borne background 
during the runs,) and their nearly 10C% efficiency to detect fission 
fragments.
2.6 Neutron Time of Flight
The neutron time of flight can be computed in terms of neutron 
energies. A relativistic relationship between the energy E^  of the 
neutron and its time of flight over a fixed flight path 'L1' metres 
is well known, viz: . . .
E — K.E. of neutron
= Total energy-rest mass energy 
E
~  /  1 1 2 ~,   ( 2 . 1 )v 1 - v / 2 0 ‘' c
where
V = velocity of the neutron ■
C = velocity of light
"  ' Bo " res  ^ mass energy of the neutron
T • *If neutron time of flight T^  is known, V = ~ , and En can' be
computed in terms of T^ . The neutron yields of ij235 as a
function of timing channels are shown in fig. 2.2 & 2.3. A programme was 
written to compute the channels in terms of the energy and the time 
of flight of neutrons. The fig. 2.4 shows curves plotted of 
energies as a function of timing channels.
The neutron time of flight information from the fast counting system
was transferred to a multichannel time analyser. The 2000 time
channels information for each detector were stored and reduced by
DDP--516 Honeywell computer and the magnetic tapes containing these
data were analysed by IBM 360/75 computer at Harwell. The complete 
discussion of data analysis is given in Chapter 7*
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A ratio of the fission yield per timing channel for U and
235 *U was obtained with a relative error of \&fo in the 325 keV energy
234range. The ratio was then converted to the relative U fission
2 3 5cross section by multiplying by the U cross section at each 
energy from ref. (2.1) using the following equations 
if R(e) = represents the ratio of U234 fission counts to U233 
fission counts within the same energy (time channel) 
interval E.
and cf^ CE) = represents the fission cross section for U233 within 
(e) then, orf (e) = the relative cross section of TJ234 can be 
written as,
tff^E) = IC x crf2(E) x r(e) ----. (2.2)
where, IC .is a constant depending on the relative masses of the two 
foils. IC was calculated by normalizing the data to the area under 
the fission cross section curve given by Lamphere (Ref. 1.2) in the 
energy range 1.003 MeV to 1.304 MeV.
Eor this energy range,
R(E) = 3.28 + 0.071 of E = 374.68 keV + 16 keV
erf^ (e) = 1.26 barn
2.8 The neutron flux
The calculation of the neutron flux was carried out by measur- 
235mg the amount of U in the foil by means of alpha-activity 
measurement. This is described in Appendix (a).
2342*7 U fission Cross section
234
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This chapter deals with the experimental procedure related to
a) The technical handling of the neutron burst production,
b) The deflection system and its manipulation*
The purpose of these procedures was to ensure a clean deflection of 
the circulating hunch of protons onto the tungsten target, in order 
to determine the internal energy resolution of the time of flight 
spectrometer and the neutron time distribution for the present 
measurements. Since the fission rate was low, a Li-glass scintillator 
instead of the fission detector was placed in the beam* A continuous 
spectrum of neutron energies together with intense Y-flash was 
obtained. This spectrum was examined and the beam monitored to 
optimum conditions to yield sufficiently accurate time resolution 
to he discussed later. In this chapter only relevant aspects of the 
technique will he dealt' as the spectrometer is described in more 
detail in ref. (3°l)«
3*2 Neutron Burst Production
Protons are accelerated in synchrocyclotron by applying an R.l*. 
voltage across the dee gap. The r.f. was modulated in order to 
compensate for increasing mass of proton^  at high energies and for 
decrease of the magnetic field with increasing radius. Protons are 
accelerated outwards in phase stable orbits on the downward sweep 
..of the r.f. modulated, cycle. The mean circulating radius of the 
proton hunch and hence its energy is uniquely determined by the 
instantaneous value of R . F .  The instantaneous value of R . F .  in the
CHAPTER 5
THE EXPERIMENTAL TECHNIQUE
3.1 Introduction
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present experiment was 20.8 MHz and the radius of the phase stable 
orbit was 1.14 metres corresponding to 140 MeV proton energy. The 
proton bunch passed between a pair of plane parallel deflector plates 
situated at 1.14m. The plates extended azimuthally 60° and 150 m 
radially and had a separation of 30 mm. Since the azimuthal phase 
of the protons is uniquely related to r-f phase, a pulse arising 
from a r.f. phasing circuit applies a high Instantaneous voltage 
of 36 KV on the plates as the bunch arrives between the plates.
This deflecting voltage deflects the bunch downwards and makes it 
strike the target in its subsequent orbit. The target is placed
1.5 cms below the median plane of the plates.
The resulting neutron spectrum consisting of an isotropic 
evaporation spectrum and a high energy forward pealc. Viewing the 
target at 180° to the incident' bunch, only the evaporation spectrum 
was seen. The neutron beam was accompanied by an intense flash of 
Y-rays. These Y-rays were used to establish the origin of the time 
spectrum of the neutrons.
3*3 The Deflection System
This synchronization and consequently the beam extraction can 
be explained in two steps.
(a) Referring to diagram (3*1a). The frequency modulated r.f. 
signal from the cyclotron was fed into a frequency discriminator to 
which a reference r.f. is also supplied. The discriminator produced 
an output pulse when two signal frequencies were equal. The fixed 
frequency was chosen to correspond to that of the particle orbits 
mean radius. This output pulse is synchronized to a particular 
phase of the r.f. by means of a phasing circuit ref. (3*2). This
gave an output pulse at a fixed phase of the r .f., and was named a 
"start” pulse (at point A in the diagram). This pulse, hereafter 
is used to (i) trigger the voltage on the deflecting plates (ii) to 
start the timing system,
(b) The deflecting system, diagram (^•la-'b), consisted of the two 
parallel plates connected to an English CX1168 Thyratron via a 50 ohm 
transmission cable. The deflecting plates form a part of the trans- 
mission line, which is then terminated in a 50 ohm resistor.
The start pulse which comes at a fixed phase of the r.f. now 
passes through a phasing delay and outwards to trigger the thyratron. 
The phasing delay allows fine adjustment in the time of application 
of the deflecting pulse. The deflecting pulse of -36 KV from the .. 
thyratron is applied to the lower plate via the transmission line and 
terminates in the load resistor.
As soon as the deflecting pulse arrives in the terminating
resistor, a pick-off signal is given out which then is fed into a
feed back system which introduces a voltage level to the phasing 
delay. This voltage level helps control any drifts in the operating 
time of the pulse forming circuit of the thyratron.
G^ and as indicated are the two grids of the thyratron, and
the broken line box shows the pulse forming system of the thyratron. 
The rise time of the pulse on the deflector plates was ««20 ns, 
which was short compared to the proton orbital period of ~48 ns.
This ensured clean deflection of the proton bunch provided that the 
bunch was not in between the plates while the deflector pulse rose to 
its full height.
-  19 “
4X  2
\  Z  3
x  ° a
> .  CC H
h  O
\  3  UJ
\  Ul  0 .
\  Z  CO
•• \  +m «
H
t o
O
9 -  (- J
----------—
O '
Q.
1
s>
in - J
UJz  z
<
X
w
Hz
3
O
u
in
- j
UJzz
<
I
u
OJ
CO
CD
U.
The feed back system is controlled by means of a gated output 
from a timing unit. This was included to take account of the short 
term fluctuations in the firing time of the deflector pulse. The 
timing unit measured the time interval between the arrival of the 
start pulse (which triggered the thyratron) and the termination 
pulse. This gated output was converted into an analogue pulse by the 
binary scaler which feeds into a digital comparator which in turn 
fed into the feed hack loop to stabilize the phasing delay.
The aim of having such a deflecting system was to have
(i) a proton bunch in the right radius between the plates synchroni­
zing with r.f. phase, thus avoiding multiple traversal of the proton 
beam through the target.
(ii) a jitter free phase signal and to trigger the thyratron at the 
right time in order to achieve clean deflection.
The neutron spectrum was accompanied by 'an intense Y-flash.
[fig 3.2] The r-peak had a FWHM of /^ 3«9 timing channels which 
corresponded to *v16 ns time resolution of the spectrometer. The pre 
and post Y-peaks amounted to 1 count in 10,000, were due to negligible 
amount of jitter in the phasing delay and indicated a suitably 
clean deflection. , - '
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This chapter describes the equipment designed to fulfil the 
requirements of the experiment. The equipment particularly designed 
consisted of
(i) a fission chamber
(ii) a target holder
(iii) collimators and beam pipes 
(iv) an electronic unit called IDENTOR specifically
designed to identify the pulses coming from each 
detector and thus contribute to more efficient system 
of counting.
The detectors used were the standard type SF3-100 (fig. 4.1) 
surface barrier detectors supplied by 20th Century Electronics. In 
the design and the assembly of these equipments the care was taken 
to consider the significant fact that the fission rate was extremely 
low in the energy region of interest. Thus loss of counts in any 
event was undesirable as were any background counts. The chamber was 
cylindrical and had a diameter of 39.4 cms and the mounting of the 
detector was placed at the centre of the chamber to avoid scattering 
from the walls. The detectors in .the mounting were only 3 ™is behind 
the foils to avoid loss of fission fragments. The entry and exit 
ports were large of 10.16 cms + .05 cm diameter to allow maximum 
neutron beam to be incident onto the targets. The foils were placed 
in the? target holder in a plane perpendicular to the direction of the
CHAPTER 4
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Fig. 4.2
The Fission Chamber
• ■ ' ■ TABLE J
THE SPECIFICATIONS OF THE FISSION CHAMBER
Mean Diameter —39.4 cms
Thickness = 2.54 cms
Height ss 27.94 cms
Diameter of Ports = 5 o 08 cms
Length of the Attached Beam "Pipes S3 182.9 cms
Diameter of the Beam Pipe. = 15*24 cms
Window Thicloiess S3 0.013 cms .
TABLE 2
THE FOILS
No of 
.Foils
Uranium 
Max No.-
Diam.
cms
Surface 
Density 
mgm cm”2
Isotopic Composition
5 „2 3 4 2.54 0.4 * 0.607$ U252 
98.82$ U234 .
0.003$ u 2 3 6 . 
1.5$ U238
1 • U235 2.54 0.3 1.14$ U254 
92.9$ U255 
0.02$ U236 
5.98$ U238
beam 1.83m long- evacuated beam pipes were connected at the exit and 
entry ports to avoid air scattering.
4.2 The fission Chamber
The specifications of the chamber are given in the table no. 1. 
The chamber Fig. 4.2 together with the beam pipes was connected to 
rotary pumps and maintained at 60 microns throughout the experiment.
It was necessary to have the system evacuated in order to
(i) avoid the contamination of the detector surface as any vapours 
or thin film on the surface would deteriorate the function of 
the detector.
(ii) enable the detector to see alpha-pai'ticles.
(iii) avoid the loss of fission fragment.
■1.3 The Target Holder Assembly
The holdei* consists of a 6 mm thick cii’cular disc 11.6cm in 
diameter held in the centre of the chamber such that its plane is 
perpendicular to the incident beam (fig. 4*3). It upheld four uranium 
foils 3 mm in front of the detectors. The whole assembly was mounted 
such that the centre of the beam matched with the centre of the die, 
and the foux- foils wex-e exposed to the same beam during the runs. The 
connectors and cables. fi-om the detectors were connected on, to a side 
panel on the wall of the chamber to provide manipulation without 
opening the chamber, and the cables inside the chambei- were stripped 
to avoid degassing. Fig. 4«3«a.
4*4 The Foils
Specifications are given in the table No. 2.
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The Detector Assembly inside the Fission Chamber
Fig. k.J.a.
Table 5
S ilic o n  Gold D etectors
Det. No. Type Sensitive Diam. Resistivity
1 SF 29.0 mm 250 fl-cm
2 SF/00-317 18.0 mm 1500$ft-cm
2 -  ... SF3 - 323 18.0 mm 1000 J2 -cm
4 SF3 - 328' 18.0 mm .1000 -^cm
4*5 The Main Fission Detectors
One of the detectors is shown in fig. (4-l)« All other
detectors were identical, three of them were of 18.0 mm diameter
while the fourth one was of 29.0 mm diameter. The specifications
have already been mentioned in section (2-5). The detector types
with their resistivity etc. are given in table 3.
One of the important reasons to use the surface barrier detectors
was their insensitivity to neutrons and Y-rays.
Preliminary experiments performed with Cf2'*2 source (discussed
in Appendix B) to detect spontaneous fission showed that they were
roughly 10C% efficient for fission fragments. Fig. 4*4 shows
2 5 7fission fragment pulse height-spectrum obtained using Cf source.
The counting loss was negligible owing to the fact that the 
detectors had either enough depletion depth or were wholly depleted. 
They had carefully rounded rims so that only a circular aperture of 
slightly smaller area than the effective area of the foil was 
exposed.
Their other advantages were the following; (ref. 4.1, 4.2, 4.3).
(1) Average energy required to produce an ion-pair in these 
detectors was as low as 3*6 eV compared to '30 eV in a gas. chamb.er, 
therefore the available energy signal-as a result of charge=collection
in these detectors is about 8 times as big and statistical 
fluctuations as less.
The Pulse Height spectrum of 
fission fragments
Fig. 4.4
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(2) High density of silicon, and absorption power feasible for 
complete absorption of highly ionizing charged particles such as 
fission fragments made their size more compact and easily mountable. 
They can be made to absorb part of the total energy by changing the 
depletion depth.
(3) Good energy resolution coupled with fast rise time of the 
output pulses.
The detectors were used as reverse biased diodes. The fission 
fragments are detected by causing ionization in the bulk of silicon.
The charge is then collected by means of the field existing due to 
applied voltage. The signal by which the particle is detected is due 
to separation of electron-hole pairs around the particle track and 
their collection at the electrodes. The depletion layer which is a 
layer in which mobility of carriers is inhibited due to built-in 
voltage can be adjusted with applied voltage, roughly as
D = 0.6 /pT microns (ref. 4*2) 
where p = resistivity of silicon in ohm-cm
V = applied voltage
A graph of depletion depth as a function of bias voltage is given 
in fig. 4*5 For one of the detectors whose sensitivity was 15000 ohm-cm. 
The plot shows that above 30 volts for this detector (type SF3-IOO/069-  
317)? the full depletion depth remained constant at the’value of 
190 microns.
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TABLE 3 A 
THE COLLIMATORS AND TARGET
THE TUNGSTEN TARGET 
3*8 x 15 x 6.3 cm?
THE COLLIMATORS
(see Diag.)
A. BRASS COLLIMATOR = 5  cm x 12.7 x 61 cm3
B. CLEARIN COLLIMATOR = 2.53x7.6x62.3 cm3 7.6x7.6x7.5cm3
C. CLEARIN COLLIMATOR = 6.4x6.4x122 cm3 7.6x7.6x65.9cm3
BEAM PROFILE
10.7 x 8.8 cm3
Total sensitive area of detectors exposed to Pthe beam,= 8.4+*3 cm
The a l p h a - p a r t i c l e s  a n d  lo w - e n e r g y  f i s s i o n  f r a g m e n ts  c o u ld  b e  
e l i m i n a t e d  e a s i l y  b y  f e e d i n g  p u l s e s  f ro m  t h e  d e t e c t o r s  i n t o  a  f a s t  
d i s c r i m i n a t o r ,  a n d  s e t t i n g  a  b i a s  l e v e l ,  d i s c u s s e d  i n  s e c t i o n  6 .3 *
4 .5 .1  F i s s i o n  C o u n t in g  L o ss  i n  t h e  d e t e c t o r s
The f i s s i o n  c o u n t in g  l o s s  c o u ld  a r i s e  f r o m : -  .
( a )  g r a z i n g  e m e rg e n c e  o f  f i s s i o n  f r a g m e n ts  fro m  t h e  a c t i v e  
d e p o s i t s  o f  t h e  f o i l .
( b )  • due  t o  i n s u f f i c i e n t  f r a g m e n t  e n e r g y .
( c )  d u e  t o  t h e  e d g e  e f f e c t s  o f  t h e  d e t e c t o r s  w hose  lo w  
e l e c t r i c  f i e l d  may g iv e  r i s e  t o  r e d u c e d  p u l s e s .
The e f f e c t s  ( a )  t o  ( c )  c a n  h e  c o m b in e d  a n d  c o n s i d e r e d  n e g l i g i b l e  
a s  t h e  d e t e c t o r s  h a d  c a r e f u l l y  ro u n d e d  r im s  a s  m e n t io n e d  e a r l i e r .  
T he e f f e c t  ( b )  w as a l s o  n e g l i g i b l e  a s  t h e  d e t e c t o r s  w e re  
c o m p le t e ly  d e p l e t e d  a n d  w e re  b i a s e d  t o  e l i m i n a t e  f i s s i o n  
f r a g m e n ts  o f  e n e rg y  b e lo w  25 MeV. The l o s s  due  t o  t h i s  am o u n ts  
t o  a b o u t  2 $  a n d  98$  e f f i c i e n c y  o f  t h e  d e t e c t o r s  w as p o s s i b l e .
The f i g .  4 . 7  show s t h e  t y p i c a l  c h a r a c t e r i s t i c  o f  o n e  o f  t h e  
d e t e c t o r s  a s  a  r e v e r s e d  b i a s e d  d io d e  a s  o b t a i n e d  i n  t h e  
p r e l i m i n a r y  e x p e r im e n t  w i t h  Am2 4  ^ a s  a lp h a - s o u rc e ®  T h is  h e lp e d  
i n ' d e t e r m i n i n g  a  s u i t a b l e  w o rk in g  v o l t a g e  o n  t h e  p l a t e a u .
4 .6  The C o l l i m a t o r s
The beam  s i z e  w as c h o s e n ,  i n  V iew  o f  t h e  low  f i s s i o n  r a t e ,  s u c h  
t h a t  t h e  maximum t o t a l  s e n s i t i v e  a r e a  o f  t h e  f o i l s  c o u ld  b e  e x p o s e d  
t o  t h e  b eam . To f u l f i l  t h i s  r e q u i r e m e n t  t h e  d im e n s io n  o f  th e ,  
c o l l i m a t o r s  w as a d j u s t e d  a c c o r d i n g l y .  T a b le  3A g i v e s  t h e  d e t a i l  •*
o f  t h e  d im e n s io n s .  R e f e r r i n g  t o  t h e  f i g .  2 . 1 ,  A w as u s e d  
a s  t h e  c l e a r i n g  c o l l i m a t o r  an d  B a n d  C w ere  u s e d  a s  d e f i n i n g  
c o l l i m a t o r s .
The beam  s i z e  a t  t h e  p la n e  o f  t h e  f o i l s  w as 10 x  8 . 3  cm 
i n c i d e n t  on  a  t o t a l  s e n s i t i v e  a r e a  o f  t h e  d e t e c t o r s  o f  8 .5  cms 
d i a m e te r  ( f i g .  4 - 6 ) .  The c o l l i m a t o r s  B a n d  C w e re  m ade u p  o f  i r o n  
w h i le  c o l l i m a t o r  A w as m ade o f  b r a s s .
2
tThe u s u a l  f u n c t i o n s  o f  t h e  e l e c t r o n i c  s y s te m  u s e d  i n  t h e  
t i m i n g  e x p e r im e n t  i s  t o  b e  a b l e  t o
(1 ) a m p l i f y
( 2 ) d i s c r i m i n a t e
( 3 ) d e l a y
( 4 ) i d e n t i f y
( 5 )  Add
( 6 )  o r  i n h i b i t  t h e  p u l s e s  f ro m  t h e  d e t e c t o r s  a s  t h e  c a s e  
m ay b e  r e q u i r e d  b y  t h e  c o n d i t i o n s  o f  t h e  e x p e r im e n t  i n  
a n  e f f i c i e n t  w ay .
M ost o f  t h e  e l e c t r o n i c s  h a s  b e e n  d e s c r i b e d  e l s e w h e r e  ( r e f .  3 . 2 ) ,  
o n l y  t h e  r e l e v a n t  f e a t u r e s  p e r t a i n i n g  t o  t h e  p r e s e n t  e x p e r im e n t  w i l l  
b e  d i s c u s s e d  h e r e .  Some o f  t h e  u n i t s  a r e  a d d e d  f o r  t h e  s a k e  o f  
r a p i d  c o n t r o l  a n d  r o u t i n e  c h e c k s  o n  v a r i o u s  o p e r a t i o n s .  T h en  t h e  
i n f o r m a t i o n  i s  t r a n s f e r r e d  t o  a  d a t a  s t o r a g e  d e v ic e  s u c h  a s  a n  
a n a l y s e r  o r  a  c o m p u te r .  T he e l e c t r o n i c s  s y s te m  b a s i c a l l y  c o n s i s t s  
o f  a  t im in g  s y s te m  w h ic h  e n a b l e s  o n e  t o  t im e  t h e  o r i g i n  o f  t h e  
n e u t r o n  p r o d u c t i o n  a n d  i t s  d e t e c t i o n ,  t h e  i n t e r v a l  b e tw e e n  t h e  tw o 
e v e n t s  i s  t h e  t im e  o f  f l i g h t  o v e r  t h e  g iv e n  p a t h .  The a c c u r a c y  o f  
t h e  t i m in g  d e p e n d s  on  t h e  s e n s i t i v i t y  o f  t h e  t i m i n g  u n i t ,  t h e  p u l s e  
r i s i n g  t im e  o f  t h e  a m p l i f i e r  w h ic h  a m p l i f i e s  t h e  p u l s e s  
-from  th e  d e t e c t o r .  The lo n g  t im e  a n d  s h o r t  t im e  d r i f t s  d u e  t o  
n o i s e  a n d  t e m p e r a t u r e  s e n s i t i v i t y  o f  t h e  u n i t s  s u c h  a s  d e l a y  " u n it  
a n d  t i m i n g  u n i t  a l s o  a f f e c t  t h e  m e a s u re m e n t o f  t i m i n g  s e n s i t i v i t y  
o f  t h e  s y s te m .
CHAPTER 5
THE ELECTRONICS
5*1 Introduction
-  27 -
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The t im in g  u n i t  u s e d  i n  t h e  e x p e r im e n t  w as a  275 MHz o s c i l l a t o r  
w h ic h  m e a s u re d  t h e  t im e  i n  u n i t s  o f  3 . 6 4  n s  ( d i s c u s s e d  i n  s e c t i o n  
5 . 5 )* The o s c i l l a t o r  w as t r i g g e r e d  b y  t h e  ' s t a r t *  p u l s e  d e r i v e d  
f ro m  t h e  p h a s i n g  c i r c u i t  o f  t h e  c y c l o t r o n  ( p o i n t  A i n  f i g .  3 * 1 - a )  
a n d  i n d i c a t e d  t h e  t im e  o f  p r o d u c t i o n  o f  t h e  n e u t r o n  b u r s t s .  ' The 
o s c i l l a t o r  w as s to p p e d  b y
( i )  an  en d  o f  t h e  c y c l e  p u l s e  ( E .O .C . )  a  p r e s e t  t im e  l a t e r  
o r
( i i )  b y  t h e  p u l s e s  f ro m  t h e  m a in  d e t e c t o r s .
T he u n i t  p r o v id e d  a  c o d e d  nu m b er a s  a n  o u tp u t  t o g e t h e r  w i t h  a  r e a d  
o u t  p u l s e .  T h is  n u m b er c o r r e s p o n d e d  t o  t h e  i n t e r v a l  b e tw e e n  s t a r t  
a n d  s t o p  p u l s e s .  T h is  i n t e r v a l  i s  l i n e a r l y  r e l a t e d  t o  t h e  t im e  o f  
f l i g h t  o f  t h e  Y - r a y s  o r  t h e  n e u t r o n s  a s  t h e  c a s e  may b e .  The c o d e d  
n u m b er t o g e t h e r  w i t h  t h e  r e a d  o u t  p u l s e  w as f e d  i n t o  a  b i n a r y  , 
s c a l e r  w h ic h , t h r o u g h  a  l i n k  u n i t ,  t r a n s f e r r e d  t h e  i n f o r m a t i o n  
i n t o  t h e  a d d r e s s  o f  4096  c h a n n e l  a n a l y s e r  t y p e  BM96 o r  v i a  a  
CAMAC i n t e r f a c e  i n t o  t h e  H o n e y w e ll DDP-516 .c o m p u te r . '- T he p r i n c i p l e  
o f  t h e  t im in g ' i n f o r m a t i o n  t r a n s f e r  i s  show n i n  t h e  b l o c k  d ia g ra m  
o f  f i g . 5 . 1 .  The a b s o l u t e  t im e  o f  f l i g h t  o f  Y ~ ra y s  f o r  1 6 .8 3 5  m c a n  
b e  c a l c u l a t e d *  T h is  d e te r m in e d  t h e  t im e  o f  o r i g i n  o f  t h e  s p e c t r u m  
m a k in g  i t  u n n e c e s s a r y  t o  know t h e  am o u n t o f  d e l a y s  i n  t h e  s t a r t  a n d  
th e  s t o p  p u l s e s  i n t r o d u c e d  d u r i n g  t h e i r  j o u r n e y  th r o u g h  c a b l e s  e t c .
5 .2  The T im ing  U n it
The
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d i f f e r e n c e  o f  t im e s  o f  f l i g h t  o f  Y - r a y s  a n d  n e u t r o n s  i s  p r o p o r t i o n a l  
t o  t h e  d i f f e r e n c e  o f  n u m b er o f  t im e  c h a n n e l s  f o r  Y -pealc  a n d  n e u t r o n s .  
5 -3  The S t a r t  P u l s e
The s t a r t  p u l s e  w as u s e d ,  ( f i g .  5 « 2 ( i ) - ( i v ) )
( i )  t o  t r i g g e r  t h e  t im in g  u n i t  a f t e r  b e in g  p r o p e r l y  d i s c r i m i n a t e d  
a n d  d e l a y e d .
( i i )  t o  i n i t i a t e  a  p u l s e  d e l a y  g e n e r a t o r  w h ic h  p r o v id e d  a  p u l s e
d e la y e d  b y  10 p,s t o  p r o v i d e  a  s u i t a b l e  e n d  o f  t h e  c y c l e  p u l s e ,
( i i i )  T h is  p u l s e  g e n e r a t o r  a l s o  p r o v i d e d  a  -5V p u l s e  t o  h e  u s e d  t o
■ i n h i b i t  t h e  d i s c r i m i n a t o r s  f e d  b y  t h e  d e t e c t o r s .  By t h i s  
m eans t h e  o u t p u t  f ro m  t h e  d e t e c t o r s  w e re  i n h i b i t e d  a l l  t h e  
t im e  e x c e p t  w hen  a  s t a r t  p u l s e  a r r i v e d ,  w h ic h  e n s u r e d  t h a t  
o n ly  t h o s e  e v e n t s  w e re  c o u n te d  w h ic h  o c c u r r e d  a t  t h e  a r r i v a l  
o f  t h e  s t a r t  p u l s e .  The s y s te m  w as n o t  l i v e  o th e r w i s e  t h u s  
r e d u c in g  t h e  b a c k g ro u n d  c o u n t s .
( i v )  The o u t p u t  f ro m  t h e  s t a r t  d e l a y  w as f e d  i n t o  a  s c a l e r  t o  k e e p
c h e c k  on  t h e  n u m b er o f  h u r s t s  a r r i v i n g  a n d  h e n c e  o n  th e  
o p e r a t i o n  o f  t h e  r . f .  s y s te m .
I t  w as n e c e s s a r y  t o  i n t r o d u c e  a  d e l a y  i n  t h e  s t a r t  p u l s e  t o  
c o m p e n s a te  t h e  d e l a y  i n  t h e  s t o p  p u l s e s .  The v a l u e  o f  t h i s  d e l a y  
w as 1 .5 7 8  jis so  t h a t  t h e  s t a r t - s t o p  t im e  i n t e r v a l  c o r r e s p o n d i n g  t o  
t h e  d e t e c t i o n  o f  Y ~ ra y s  w as s m a l l  a n d  c o r r e s p o n d e d  t o  some c o n v e n ie n t  
c h a n n e l  n e a r  t h e  b e g in n in g  o f  t h e  s p e c t r u m  i n  t h e  a n a l y s e r .
To s t a b i l i z e  t h e  s y s te m  a g a i n s t  t i m i n g  d r i f t s  t h e  t i m i n g  u n i t  
w as c o n t r o l l e d  by  a  h ig h  f r e q u e n c y  o s c i l l a t o r  (2 4 2 2  M Hz). E v e ry  e n d  
o f  t h e  c y c l e  o f  t h e  o s c i l l a t o r  f o r c e d  t h e  g a t e d  o s c i l l a t o r  t o  
g e n e r a t e  a  f u r t h e r  p u l s e  a n d  lo c k e d  t h e  lo w e r  f r e q u e n c y  o s c i l l a t o r
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( u n s t a b l e )  t o  t h e  h i g h  f r e q u e n c y  c r y s t a l  c o n t r o l l e d  s t a b l e  o s c i l l a t o r .  
5*4  The S t o p - P u l s e  S y s te m
The b lo c k  d ia g ra m  o f  t h e  s y s te m  i s  show n i n  f i g .  5 .3  w i t h  
r e f e r e n c e  t o  t h e  d ia g r a m ,
( 1 )  The s t o p  p u l s e s  f ro m  t h e  d e t e c t o r s  w e re  r e g e n e r a t e d  b y  t h e  
d i s c r i m i n a t o r s  [T ] a n d  I 2 | . t o  e l i m i n a t e  t h e  e f f e c t s  o f  t h e  l o n g  
c a b l e s  f ro m  t h e  e x p e r i m e n t a l  a r e a .  D i s c r i m i n a t o r  ■ 1 w as c l o s e  t o  
t h e  d e t e c t o r  a n d  s e t  t h e  b i a s  t o  e l i m i n a t e  n o i s e  a r i s i n g  fro m  t h e  
d e t e c t o r  an d  f a s t  p i c k  u p  a m p l i f i e r  an d  g a v e  a  s t a n d a r d  o u t p Ut  t o  
d i s c r i m i n a t o r  2 .  D i s c r i m i n a t o r  2 w as n e a r  t h e  t i m i n g  s y s te m  ( a b o u t
16 m e t r e s  aw ay ) a n d  w as g a t e d  t o  r e j e c t  b a c k g ro u n d  a t  l a t e r  t i m e s .  I t -  
a l s o  p r o v id e d  a n  i n p u t  t o  t h e  s c a l e r  f o r  c o u n t i n g  t h e  e v e n t s  i n  
D e t e c t o r  1„
( 2 ) F a s t  t i m i n g  p u l s e s  w e re  o b t a i n e d  fro m  f o u r  d e t e c t o r s  f a c i n g  t h e  
f o u r  u ra n iu m  f o i l s .  The p ro b le m  h e r e  w as to  f e e d  t h e  s t o p  p u l s e s  
f ro m  t h e  f o u r  d e t e c t o r s  i n t o  t h e  t i m i n g  s y s te m  so  t h a t  t h e  t i m i n g  
u n i t  f i r e d  e a c h  t im e  a  d e t e c t o r  g a v e  p u l s e s .  S in c e  m ore  t h a n  one  
d e t e c t o r  c o u ld  b e  f i r i n g  a t  t h e  sam e t im e ,  i t  w as n e c e s s a r y  ( i )  t o  
i d e n t i f y  t h e  d e t e c t o r  w h ic h  f i r e d  ( i i )  t o  OR t h e  p u l s e s  fro m  t h e  
d e t e c t o r s  t o  t h e  t i m e r .  A u n i t  w as s p e c i a l l y  d e s ig n e d  f o r  t h i s  
p u r p o s e  show n a s  "IDENT-OR" u n i t  i n  t h e  d ia g ra m . I t  ORed t h e  
p u l s e s  e a c h  t im e  a  d e t e c t o r  f i r e d .  A t t h e  sam e t im e  t h e  IDENTOR 
g a v e  a n  i d e n t i f i e r  p u l s e  w h ic h  g a v e  t h e  i n f o r m a t i o n  t o  a n  
i d e n t i t y  m o d u le  i n  t h e  CAMAC i n t e r f a c e  an d  th u s  i d e n t i f i e d  t h e  p u l s e  
a r i s i n g  f ro m  a  p a r t i c u l a r  f o i l  t o  i t s  d e t e c t o r .  I n  t h i s  w ay t h e  
i n f o r m a t i o n  c o u ld  b e  t r a n s f e r r e d  t o  d i f f e r e n t  mem ory b u f f e r s  w h ic h  
e n a b le d  t h e  d a t a  f ro m  t h e  i d e n t i f i e d  d e t e c t o r  t o  b e  s t o r e d  i n  s p e c i f i c
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b l o c k s  a l l o t t e d  t o  t h e  d e t e c t o r .  T h i s  p r o c e s s  e n s u r e d  t h a t
( a )  t h e  o p e r a t i o n  o f  e a c h  d e t e c t o r  c o u ld  b e  c h e c k e d  i n d e p e n d e n t l y .
( b )  t h e  d a t a  f o r  e a c h  d e t e c t o r  o o u ld  b o  d i s p l a y e d  and* e x a m in e d  
s e p a r a t e l y .  T he s t a r t  p u l s e  h e n c e  w as u s e d  t o  c l e a r  t h e  g a t e  
b e f o r e  t h e  a r r i v a l  o f  f u r t h e r  i n f o r m a t i o n  w i t h  t h e  a r r i v a l  o f  
a  s t a r t  p u l s e .  , \
( 3 ) T he o u t p u t  f ro m  t h e  IDENT-OR u n i t  w e re  t h e n  ( i )  f e d  i n t o  t h e  
t i m i n g  u n i t  a s  STOP p u l s e s ,  ( i i )  i n t o  a  'M a in 5 s c a l e r  t h r o u g h  a  
d i s c r i m i n a t o r .  T h is  r e c o r d e d  t h e  e v e n t s  a s  t h e  sum o f  t h e  e v e n t s  
f ro m  a l l  f o u r  d e t e c t o r s '  a n d  h e lp e d  t o  c h e c k  f u r t h e r  t h e  o p e r a t i o n  o f  
e a c h  d e t e c t o r  p l u s  i t s  r e l a t e d  e l e c t r o n i c s .
5«5 T im e C a l i b r a t i o n  . -
- Xn o r d e r  t o  e n s u r e  , t h e  s t a b i l i t y  i n  t h e  c o u n t i n g  s y s te m  t h e
*■ ’• "
c a l i b r a t i o n  o f  t h e  t i m i n g  s y s te m  w as p e r f o r m e d  a t  t h e  e n d  a n d  i n  t h e  
b e g i n n i n g  o f  e a c h  r u n .  I t  w as a l s o  n e c e s s a r y  t o  c a l i b r a t e  t h e  t i m i n g  
u n i t  so  t h a t  t h e  t im e  s e p a r a i i o n  b e tw e e n  a n y  g iv e n  c h a n n e l  a n d
i
g am m a-ray  p e a k  p o s i t i o n  c o u ld  b e  c o n v e r t e d  i n t o  a  c o r r e s p o n d i n g  
e n e r g y .  F i g .  5 .4  i s  a  b l o c k  d ia g ra m  o f  t h e  c a l i b r a t i o n  c i r c u i t .
The e x p e r i m e n t a l  s t a r t  a n d  s t o p  p u l s e s  w e re  r e p l a c e d  b y  p u l s e s  . .. 
f ro m  a  c a l i b r a t i o n  u n i t  ( R e f .  5 « l ) «  I n  t h i s  u n i t  t h e  e x p e r i m e n t a l  
s t a r t  p u l s e  t r i g g e r e d  t h e  u n i t  a n d  o u t p u t  p u l s e s  w e re  p ro d u c e d  
a c c u r a t e l y  p h a s e d  t o  a  4  MHz i n p u t  s i g n a l .  T h i s  w as u s e d  t o  s t a r t  
t i m i n g .  T h e re  w as a l s o  p ro d u c e d  a  s e t  o f  6 o u t p u t  p u l s e s  a c c u r a t e l y  
p h a s e d  t o  c o n s e c u t i v e  c y c l e s  o f  4  MHz s i g n a l .  T h e s e  p r o v id e d  t h e  
s t o p  p u l s e s .  T he t i m i n g  r a n g e  f o r  t h i s  m e a s u re m e n t w as 2 ps, 
r e l a t i v e  t o  t h e  s t a r t  p u l s e *  T he s p e c t r u m  c o n s i s t e d  o f  a  s e r i e s  o f  
s h a r p  p e a k s  e a c h  l e s s  t h a n  o n e  c h a n n e l  w id e  a t  h a l f  h e i g h t  a n d
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6
s e p a r a t e d  b y  2 5 0  n s .  A p e a k  w as o b s e r v e d  every* 6 8 .7 3  c h a n n e l s .  T he 
c h a n n e l  w id th  t h e n  w as
4 x  6 8 .7 3  = 3 *6 4  nS
D u r in g  th e  c o u r s e  o f  t h e  e x p e r im e n t  t h e  t im e  c a l i b r a t i o n  o f  t h e  
s y s te m  c h a n g e d  b y  o n l y  1 p a r t  i n  2 0 0 0 .
5 .6  T he S c a l e r  I n f o r m a t i o n
T he s c a l e r s  m a in t a in e d  a  c o n s t a n t  c h e c k  o n  a n y  o u t p u t .  F o r  
ex am p le  s c a l e r  1 g a v e  o u t p u t  f ro m  d e t e c t o r  1 , a s  d i d  t h e  s c a l e r s  2 ,3 » 4  
fro m  t h e  r e s t  o f  t h e  d e t e c t o r s .  The sum o f  t h e  c o n t e n t s  o f  f o u r  
s c a l e r s  s h o u ld  e q u a te  t h e  c o n t e n t s  i n  t h e  'M a in ' s c a l e r  a t  a n y  t im e  
a n d  p r o v i d e s  a  c o n s t a n t  c h e c k .  S i m i l a r l y  'B u r s t '  s c a l e r  sh ow ed  t h a t  
th e  s t a r t  p u l s e s  w e re  p r e s e n t .  M o n i to r  s c a l e r  show ed  t h a t  t h e  beam  
i s  p r e s e n t  a n d  s e n s i b l y  c o n s t a n t .  T h is  w as d i s p l a y e d  on  a  r a t e  m e t r e .
The n u m b er o f  b u r s t s  w e re  a l s o  p r o p o r t i o n a l  t o  t h e  t im e  f o r  w h ic h  
t h e  m a c h in e  w as r u n n in g  a n d  g a v e  a n  e s t i m a t e  f o r  t h e  d u r a t i o n  o f  t h e  
r u n .  The o u t p u t  f ro m  B u r s t s  s c a l e r ,  f i g .  5 » 5 , w as t r a n s f e r r e d  t o  a
p r e s e t  s c a l e r  w h ic h  i n  t u r n  i n i t i a t e d  a n  i n h i b i t  p u l s e  f ro m  a  t i m e r .  \
|
T h is  p u l s e  i n h i b i t e d  f u r t h e r  c o u n t i n g  th u s  s t o p p i n g  t h e  c o u n t i n g  a t  
t h e  en d  o f  a  p r e s e t  r u n .
5*7  The E x p e r im e n t  C o n t r o l  S y s te m  I
S in c e  t h e  d a t a  c o l l e c t i o n  t im e  w as l o n g ,  a n d  d a t a  c o u ld  b e  ;=
w r i t t e n  o n  t h e  t a p e s  b y  t h e  c o m p u te r  o n ly  w hen d a t a  c o l l e c t i o n  w as 
i n h i b i t e d ,  a  c o n t r o l  s y s te m  w as i n i t i a t e d  w hen  d a t a  t a l c in g  i n  a n y  
w ay w as i n h i b i t e d  b y  a n y  o t h e r  o p e r a t i o n .  To s t o p  t h e  d a t a ,  c o l l e c t i o n  
t h e  p r o c e d u r e  was
*
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I, : ( i )  t o  t y p e  ’STOP' o n  t h e  t e l e t y p e  w h ic h  c a r r i e d ,  t h e  command t o . . . .  
t h e  c o m p u te r*
( i i )  t o  s e t  t h e  n u m b er o f  b u r s t s  t o  a  p r e s e t  v a l u e  i n  p r e s e t  •
s c a l e r  so  t h a t  a t  t h i s  v a l u e  i t  g a v e  o u t  a n  i n h i b i t  p u l s e  t o
i n h i b i t  t h e  ’ START' p u l s e  th u s -  s t o p p i n g  t h e  t im in g *  F ig # 5*4* 
The n e e d  t h e r e f o r e  w as t o  i n h i b i t  t h e  s t a r t  p u l s e  a s  r e q u i r e d  
t o  s t o p  c o u n t i n g .  An OR g a t e  w as i n t r o d u c e d  w h ic h  h a d  t h r e e  i n p u t s  
F ig *  5 * 6 .
( l )  I n p u t  f ro m  t h e  p r e s e t  s c a l e r  a s  m e n t io n e d  a b o v e .
.. ( 2 ) I n h i b i t  p u l s e  f ro m  c o m p u te r  a f t e r  t y p i n g  i n  command ’STOP’ *
( 3 ) T he t h i r d  i n p u t  w’a s  a  p u l s e  a r i s i n g  f ro m  t h e  s c a le r ©  w hen
th e y  w e re  com m only c o n t r o l l e d *  /. '
T h i s  w as. t o  s t o p  c o u n t i n g  w h i l e  a  ’R e s e t*  w as g e n e r a t e d  a t . a l l
s c a l e r s  s i n c e  s e n d in g  r e s e t  re m o v e d  ' i n h i b i t *  b u t  d i d  n o t  p e r m i t
c o u n t i n g .  '
*
CAMAC I n t e r f a c e  a n d  D i s p l a y  
■ Tw o-w ay i n f o r m a t i o n  th r o u g h  Camac m o d u le s  w as c a r r i e d  t o  a n d  
f ro m  t h e  c o m p u te r  a s  f o l lo w s *  '• (F ig *  5 * 7 ) .  1
( 1 )  M odu le  1 e n a b le d  o r  i n h i b i t e d  p a r t i c l e  c o u n t in g  sy s te m *
( 2 )  ■-•Module 2 s t o r e d  t i m i n g  i n f o r m a t i o n  f ro m  t im in g  u n i t .
. ( 3 ) M odu le  3 i d e n t i f i e d  t h e  d e t e c t o r s  a n d  c l e a r e d  t h e  in f o r m a t io n *
( 4 ) ■ The c r a t e  a l s o  c o n t a i n e d  d i s p l a y  a n d  c o n t r o l  m o d u le s  w h ic h  
• e n a b le d  t h e  d a t a  t o  b e  t r a n s f e r r e d  t o  t h e  c o m p u te r  u n d e r
a u to n o m o u s  c o n t r o l  a n d - p e r m i t t e d  d i s p l a y s  o f  d a t a  t o  b e  
a u to n o m o u s ly  r e f r e s h e d .
I t  w as p o s s i b l e  t o  e x a m in e  a t  any. t im e  t h e  c o n t e n t s  o f  t h e  
s p e c t r u m  o f  a n y  n u m b er o f  c h a n n e l s  o u t  o f  8 0 0 0  c h a n n e l s ,  e a c h  2 0 0 0  
b e lo n g i n g  t o  o n e  d e t e c t o r .  ' \  ■; ■■ /
-  3 3  -
FIG. 5 - 8  THE ELECTRONIC SYSTEM O F ONE DETECTOR ONLY 
(THE ACTUAL CIRCUIT IS IDENTICAL BUT FOUR -  F O L D  )
VThe d ia g ra m  i n  F i g .  ( 5 . 8 )  d e s c r i b e s  t h e  e l e c t r o n i c  s y s te m  o f  
o n e  c o u n t e r  o n ly .  The a c t u a l  s y s te m  w as f o u r - f o l d  a n d  i d e n t i c a l  
i n  e v e r y  r e s p e c t  a s  t h e  o n e  show n i n  t h e  d ia g r a m .
-  34 -
6 .1  I n t r o d u c t i o n
The e m p h a s is  i n  c h a p t e r  5 w as o n  t h e  e l e c t r o n i c  f e a t u r e s  o f  t h e  
e x p e r im e n t .  T h is  c h a p t e r  d e s c r i b e s  a l l  t h e  n e c e s s a r y  m e a s u re m e n ts  
t h a t  f i t t e d  i n t o  o v e r a l l  e x p e r im e n ta l  p l a n .  The p r o c e d u r e  was 
e v o lv e d  i n  v ie w  o f  f a c t  t h a t  t h e  o p tim u m  c o n d i t i o n s  o f  t h e  beam  w e re  
f i r s t  e s t a b l i s h e d  a n d  m o n i to r e d  a n d  t h e n  t h e  f i s s i o n  d e t e c t o r s  w e re  
u s e d  t o  c o l l e c t  d a t a .  C o n s ta n t  r o u t i n e  c h e c k s  w e re  c a r r i e d  o u t  
d u r i n g  r u n n in g  h o u r s  a n d  a t  t h e  en d  o f  e a c h  r u n  t o  e n s u r e  t h e  s t a b i l i t y  
o f  t h e  o p e r a t i o n s .
6 . 2  The Beam o p t i m i z a t i o n  an d  M o n i to r in g
The n e u t r o n  beam  w as e x t r a c t e d  b y  m eans o f  t h e  d e f l e c t i o n  s y s te m  
a l r e a d y  d e s c r i b e d  i n  s e c t i o n  3»3° The a d j u s t m e n t s  n e e d e d  t o  p ro d u c e  
a  s u i t a b l e  n e u t r o n  beam  o f  r e q u i r e d  i n t e n s i t y  x?ere c a r r i e d  o u t  a t  t h i s  
s t a g e .
6 ,2 .1  The Beam M o n i to r in g
( a )  A f t e r  h a v in g  a c h ie v e d  t h e  d e f l e c t i o n  i t  w as n e c e s s a r y  t o  
e n s u r e  t h a t  t h e  d e f l e c t i o n  w as c l e a n  an d  t o  d e t e r m in e  t h e  q u a l i t y  
o f  t h e  beam . E o r  t h i s  p u r p o s e  a  .6 4  cm t h i c k  L i - g l a s s  s c i n t i l l a t o r  
o f  6 ,3 5  cm d i a m e t e r  w as p l a c e d  i n  t h e  beam  f i r s t  a t  22 m e t r e .
T he t im e  s p e c t ru m  w as ex a m in e d  o n  t h e  a n a l y s e r  d i s p l a y .  T hen  
t h e  s c i n t i l l a t o r  w as p l a c e d  a t  8m a n d  t h e  s p e c tru m  e x a m in e d  
a g a i n .  By c h a n g in g  t h e  f l i g h t  p a t h  t o  8  m e t r e s  t h e  s p e c t r u m  
s h r a n k  t o  o n ly  f i r s t  b lo c k  o f  c h a n n e l s .  The l a t e r  c h a n n e l s  
sh o w ed  no  c o u n t s  i n d i c a t i n g  t h a t  t h e r e  w e re  no  h i g h  e n e r g y  
n e u t r o n s  o v e r l a p p i n g  t h e  p r i n c i p l e  s p e c t r u m .  T h is  e n s u r e d  t h a t
CHAPTER 6
THE EXPERIMENTAL PROCEDURE
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C h a n n e l No
Tim e S p e c tru m  o f  S c i n t i l l a t o r  a t  22 m e te r .  
F i g .  6 .1
C h a n n e l N o.
Time S p e c tru m  o f  S c i n t i l l a t o r  a t  8  m e te r .
H D  /J .N O O D
t h e r e  w as n o  beam  b o r n e  b a c k g r o u n d .  ( F i g .  6 . 1 ) .
( b )  M o n i to r  G a in  S e t t i n g  T he g a i n  s e t t i n g  o f  t h e  s c i n t i l l a t o r
i s  a  s t a n d a r d  t e c h n i q u e  a n d  i s  d i s c u s s e d  o n ly  b r i e f l y .  The g a i n
137o f  t h e  c o u n t e r  w as s e t  w i t h  t h e  h e l p  o f  a  Cs s o u r c e  p l a c e d
n e a r  t h e  c o u n t e r .  T he co m p to n  r e c o i l  "spec trum  w as i n s p e c t e d  o n
t h e  a n a l y s e r  b y  r e p l a c i n g  t h e  t im e  o f  f l i g h t  e l e c t r o n i c s  b y  a n
a m p l i f i e r ,  a n a l y s e r  a n d  a n  a m p l i t u d e  t o  d i g i t a l  c o n v e r t e r  (ADC)
a s  show n i n  f i g .  ( 6 , 2 a ) .  The c o u n t i n g  r a t e  f ro m  t h e  s o u r c e  f o r
p u l s e s  a b o v e  1 /2  h e i g h t  p o s i t i o n  o f  t h e  C om pton e d g e  ( f i g .  6 ,2 b )
w as d e t e r m in e d .  T he o u t p u t  f ro m  t h e  c o u n t e r  w as t h e n  s w i tc h e d
t o  i n p u t  o f  t h e  d i s c r i m i n a t o r  a n d  b i a s  l e v e l  a d j u s t e d  s o  t h a t
t h e  c o u n t i n g  r a t e  w as t h e  sam e a s  t h a t  a b o v e  t h e  1 /2  h e i g h t .
137D u r in g  t h e  a c t u a l  r u n s ,  t h e  C&• s o u r c e  w as re m o v e d  an d  
m o n i to r  c o u n t e r  p l a c e d  i n  t h e  beam  a t  2 2 m .g a v e  a  t im e  s p e c t r u m• " 'kN
w i t h  a  h i g h  p e a k  o f  Y - r a y s .  T he p o s i t i o n  o f  t h e  Y -p e a k  c h a n n e l  
w as d e te r m in e d  a s  i n  c h a n n e l  2 0 0  f o r  t h e  s a k e  o f  r e f e r e n c e  f o r  
e v e r y  r u n .  A t t h e  e n d  o f  e a c h  r u n ,  t h e  i n p u t  f ro m  o n e  o f  t h e  
f i s s i o n  d e t e c t o r s  w as r e p l a c e d  b y  t h e  i n p u t  f ro m  t h e  m o n i to r  
c o u n t e r ,  a n d  t h e  p o s i t i o n  o f  Y -p e a k  r e c h e c k e d ,  f o r  c o n s i s t e n c y .  
T h e  d r i f t  i n  t h e  Y -p e a k  p o s i t i o n  w as 1 c h a n n e l  d u r i n g  t h e  f i r s t
f e w  h o u r s  a n d  th e n  t h e  p e a k  w as s t a b i l i z e d  f o r  t h e  r e s t  o f  t h e
\
total 77 hours, during which the data,was being collected. This 
indicated negligible time d rifts in the electronic system. A 
constant check on any change in the neutron beam intensity was 
ensured by feeding the output from the scin tillator into a 
ratemeter# •
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6 . 2 . 2  T he O p t i m i z a t i o n  o f  t h e  Beam
■ T he o p t i m i z a t i o n  r e q u i r e d  t o  p ro d u c e  a' s t a b l e  a n d  s u i t a b l e
n e u t r o n  beam  w as c a r r i e d  o u t  a t  t h i s  s t a g e .
T he i n t e r n a l  p r o t o n  beam  w as s e t  t o  p a s s  c e n t r a l l y  b e tw e e n
.th e  p l a t e s  b y  a d j u s t i n g  t h e  c u r r e n t  b l e e d  fro m  o n e  o f  t h e  p o l e s
o f  t h e  s y n c h r o c y c l o t r o n  m a g n e t .  F i g .  6 . ! J a .  The p h a s e  o f  t h e
r . f .  c y c l e  a t  w h ic h  d e f l e c t i o n  p u l s e  w as a p p l i e d  was' s e t ' b y
, m a x im iz in g  t h e  o b s e r v e d  n e u t r o n  i n t e n s i t y ,  • e a c h  t im e  b y  a d j u s t -
' i n g  t h e  p h a s e  d e l a y .
I n  o r d e r  t o  g e t  t h e  r i g h t  r a d i u s  f o r  t h e  c i r c u l a t i n g  p r o t o n
• h u n c h  t h e  m o d u la te d  f r e q u e n c y  w as o p t im iz e d  t o  g i v e  maximum
■ n e u t r o n  c o u n t  r a t e .  T he v o l t a g e  ( F i g .  6 .3 b )  a p p l i e d  t o  t h e  )
p l a t e s  w as o p t im iz e d  t o  d e f l e c t  t h e  beam  w h o l ly  o n to  t h e  t a r g e t *
Any d e v i a t i o n  f ro m  t h i s  w as show n a s  e x c e s s  o f  a  " p r e "  o r
" p o s t ” p e a k  a p p e a r i n g  a t  t im e s  c o r r e s p o n d i n g  t o  o n e  r . f .  c y c l e
. b e f o r e  o r  a f t e r  t h e  m a in  Y - p e a k .  I t  w as f o u n d  t h a t  t h e r e  w as
l e s s  t h a n  0 .0 1  'p o s t *  p e a k  a n d  no  c o r r e c t i o n  w as n e c e s s a r y .
6.3 The F iss ion  Detector*Gain S e tting
T he p u l s e s  f ro m  t h e  f i s s i o n  d e t e c t o r  w e re  f e d  i n t o  a  f a s t
c o u n t i n g  a m p l i f i e r  t y p e  9 5 /0 0 9 6 - 2 /6  H a r w e l l  m o d e l .  T h is  u n i t  know n
a s  t im e  p i c k - o f f  ( T .P .O . )  u n i t  g a v e  o u t p u t  p u l s e s  o f  7  n s  r i s e  t im e  •
a n d  2 0  n s  d u r a t i o n .  T he d e a d  t im e  l o s s  w as n e g l i g i b l e  d u e  t o  s h a r p
r i s e  t im e .  An a d a p t e r  u n i t  A .E .R .E .  ty p e  9 5 /2 2 1 0 - 1 /6  p r o v i d e d  b i a s
v o l t a g e  t o  t h e  d e t e c t o r , ,  a m p l i f i e d  a n d  g a v e  b o t h  a n a lo g u e  o u t p u t  an d
s t a n d a r d  o u t p u t  f o r  e v e r y  s i g n a l .  H o w e v e r, f a s t  p u l s e s
f ro m  T .P .O . u n i t  w e re  u s e d  f o r  t i m i n g .  The w o rk in g  v o l t a g e  f o r  
e a c h  d e t e c t o r  w as a l r e a d y  e s t a b l i s h e d  i n  t h e  p r e l i m i n a r y  e x p e r im e n t
/  1 • ' s. , ‘
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■ f o i l  f o r  d e t e c t o r  4 w e re  p l a c e d  i n  f r o n t  o f  t h e  d e t e c t o r s  i n  e x a c t l y  
t h e  sam e p o s i t i o n  a s  t h e y  w e re  g o in g  t o  b e  i n  t h e  beam  d u r i n g  t h e  
r u n s .  T he p u l s e s  a r i s i n g  f ro m  a l p h a - p a r t i c l e  d e t e c t i o n ,  w e re  i n p u t  
t o  a  f a s t  d i s c r i m i n a t o r  ty p e  2 1 2 5 A, AERE m o d e l. T he s t a n d a r d  o u tp u t ,  
p u l s e s  f ro m  t h e  d i s c r i m i n a t o r  w e re  t h e n  i n p u t  t o  a  s c a l e r  a n d  t o  a n  ., 
o s c i l l o s c o p e ,  f i g .  6 . 4 (e) .T h e  b i a s  s e t t i n g  o f  th e -  d i s c r i m i n a t o r  w as 
v a r i e d  a n d  o u t p u t  a l p h a - p u l s e s  m e a s u re d  w i t h  t h e  v a r i a t i o n  o f  t h e  
b i a s  s e t t i n g .  F o r  t h e s e  c o u n t  r a t e s  t h e  s w i t c h  " t* 1" o n  t h e  • 
d i s c r i m i n a t o r  w as s w i t c h e d  o n . A c u r v e  o f  a l p h a - c o u n t  r a t e  v s  
b i a s  s e t t i n g  w as o b t a i n e d  a s  show n f o r  o n e  o f  t h e  d e t e c t o r s  i n
f i g .  6 .4 (b ) The m i d - p o i n t  on  t h e  p l a t e a u  o f  t h e  c u r v e  w as c h o s e n
\
w h ic h ,c o r r e s p o n d e d  t o  5 - 4  MeV o f  a l p h a - p a r t i c l d s .  The a l p h a  c o u n t  
r a t e s  f o r  a l l  t h e  d e t e c t o r s  w e re  m e a s u re d  a n d  a r e  show n i n  t a b l e  B .1 
T he  a l p h a - c o u n t  r a t e  o b t a i n e d  w as u s e d  t o  c a l c u l a t e ,  n e u t r o n  f l u x  
a n d  i s  d i s c u s s e d  i n  A p p e n d ix  ( a ) .
A f t e r  h a v in g  d e t e r m in e d  t h e  a l p h a - c o u n t  r a t e , t h e  s w i t c h  " -7 5" 
o n  t h e  d i s c r i m i n a t o r  w a s ’’s w i tc h e d  o n  t h u s  r a i s i n g  t h e  e n e r g y  l e v e l  
t o  5 .4  x  5 = 2 7  MeV. T h i s  m e a n t t h a t  g a i n  o f  t h e  . d e t e c t o r  w as s e t . '  
a b o v e  27  MeV a n d  w as e n o u g h  t o  c u t - o f f  a l p h a - p a r t i c l e s  a n d  lo w  e n e r g y  
f i s s i o n  f r a g m e n t s .  No e r r o r s  w e re  i n t r o d u c e d  i n  t h e  e x p e r im e n t  fro m  
c h a n g e s  i n  t h e  c o u n t e r  g a i n .  No e r r o r s  w e re  i n t r o d u c e d  d u e  to ' beam ' 
b o r n e  b a c k g ro u n d  a s  t h e  d e t e c t o r s  w e re  i n s e n s i t i v e  t o  n e u t r o n s -  a n d  
Y - r a y s .
6 . 4  T im e C a l i b r a t i o n  '• '■ 7  . . *'
The time calibration, as described in Chapter 5» section. 5*5> 
was.performed at the end of each run. It  was considered neoessary to
l . *
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do so  i n  o r d e r  t o  c h e c k  t h e  s t a b i l i t y  i n  t h e  s e n s i t i v i t y  o f  t h e  
t im in g  u n i t  a n d  t o  d e t e c t  c h a n g e s  i n  t h e  c a l i b r a t i o n .  D u r in g  t h e  
c o u r s e  o f  t h e  e x p e r im e n t  t h e  u n c e r t a i n t y  i n  c a l i b r a t i o n  w a s ' 0  1 p a r t  • 
i n  2 0 0 0 . •
6 .5  The O p e r a t i o n a l  an d  t h e  R o u t in e  C h eck s
( 1 )  The s c i n t i l l a t o r  c o u n t e r  w as u s e d  t o  d e t e c t  t h e  s h o r t  t im e  
d r i f t s  i n  t h e  p o s i t i o n  o f  t h e  Y -p e a k  o f  t h e  t im e  s p e c t r a ,  
a s s u m in g  t h a t  t h e  am oun t o f  d r i f t  i n  t h e  t im e  s p e c tru m  o f  t h e  
m a in  d e t e c t o r s  w as t h e  same a s  f o r  t h e  m o n i to r  c o u n t e r .
( 2 ) D u r in g  t h e  f i r s t  fe w  r u n s  i t  w as d i s c o v e r e d  t h a t  t h e  d e l a y  u n i t
i n  t h e  s t a r t  p u l s e  w as t e m p e r a tu r e  s e n s i t i v e  an d  w as c a u s in g
d r i f t s  i n  t h e  s p e c t r u m . To re m e d y  t h i s  e f f e c t  a  l o n g  c a b l e  o f
f i x e d  l e n g t h  w as u s e d  to  g iv e  1 .5 2 8  [is s t a b l e  d e l a y  an d  a  s h o r t  
v a r i a b l e  d e l a y  o f  5 0  n s  w as r e q u i r e d  fro m  t h e  d e l a y  u n i t  i n  t h e  
s t a r t  p u l s e  c i r c u i t .  F i g .  6.5®
( 3 ) I n  o r d e r  t o  e n s u r e  t h a t  t h e  s t o p  p u l s e s  f ro m  e a c h  d e t e c t o r
t r a v e r s e d  t h e  sam e d i s t a n c e  a f t e r  l e a v i n g  d e t e c t o r ,  a p p r o p r i a t e
*
c a b l e  l e n g t h s  w e re  a d d e d  i n  t h e  e l e c t r o n i c  p a t h s  so  t h a t  a  
s i g n a l  s e n t  t h r o u g h  e a c h  e l e c t r o n i c  p a t h  w as r e c o r d e d  i n  t h e  
sam e c h a n n e l .  I n  t h i s  w ay t h e  Y - r a y  fro m  e a c h  d e t e c t o r  w as 
o b s e r v e d  i n  t h e  sam e f i x e d  c h a n n e l .  T h is  s t e p  h e l p e d  t o  a l i g n  
th e  s p e c t r a  o f  d e t e c t o r s  w i th  r e s p e c t  t o  e a c h  o t h e r .
( 4 ) The t i m i n g  u n i t  w as c a l i b r a t e d  a t  t h e  en d  o f  e a c h  r u n  a s  
m e n t io n e d  e a r l i e r  t o  d e t e c t  a n y  d r i f t s  i n  c a l i b r a t i o n .
( 5 ) Beam w as m o n i to r e d  d u r i n g  t h e  r u n s  an d  c o n s t a n t  c h e c k s  m a in t a in e d  
on  t h e  r a t e  m e te r  g i v i n g  c o u n t  r a t e  p r o p o r t i o n a l  t o  i n t e n s i t y .
The t i m i n g  i n f o r m a t i o n  d u r i n g  t h e  r u n s  w e re  s t o r e d  i n  DDP-516 
co m p u te ro  A t t h e  end  o f  t h e  r u n s ,  t h e  s t o r e d  i n f o r m a t i o n  w as w r i t t e n  
o n to  7 t r a c k  m a g n e t ic  t a p e s .  T h e s e  t a p e s  w e re  r e a d  a n d  r e d u c e d  d a t a  
t r a n s f e r r e d  t o  9 t r a c k  m a g n e t ic  t a p e s  u s e d  f o r  s u b s e q u e n t  d a t a  
a n a l y s i s  o n  t h e  H a r w e l l  IBM 3 6 0 /7 5  c o m p u te r .  The r u n s  w e re  t y p i c a l l y
3 .5  h o u r s  i n  d u r a t i o n .  D a ta  o v e r  s e v e r a l  r u n s  w e re  a c c u m u la te d  
w i t h o u t  c l e a r i n g  t h e  m em ory o r  d i s p l a y .  I t  w as a l s o  p o s s i b l e  t o  
d i s p l a y  a n d  e x a m in e  a t  a n y  t im e  t h e  c o n t e n t s  o f  a n y  n u m b er o f  
c h a n n e l s  d u r i n g  t h e  r u n s .
6„6  D a ta  C o l l e c t i o n
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An a n a l y s i s  o f  t h e  d a t a  a c c u m u la te d  d u r in g  t h e  s e v e n t e e n  r u n s ,  
y i e l d i n g  n e u t r o n  t im e  s p e c t r a  f o r  a l l  f o i l s ,  w as p e r f o r m e d  i n  o r d e r  
t o  e v a l u a t e  t h e  r e l a t i v e  f i s s i o n  c r o s s  s e c t i o n  i n  t h e  e n e r g y  r a n g e
o f  180 keV t o  6 MeV.
A H o n e y w e ll DDP-516 c o m p u te r  w as u s e d  d u r in g  t h e  e x p e r im e n t  t o  
s t o r e  d a t a .  Prom  a  d o z e n  m a g n e t ic  t a p e s  t h e  d a t a  w e re  r e d u c e d  a n d  
a n a l y s e d  w i t h  th e  h e l p  o f  H a r w e l l  IBM 3 ^ 0 /7 5  c o m p u te r .  The s t e p s  
w e re  t a k e n  i n  t h e  a n a l y s i s ,  ( i )  f o r  t h e  a l ig n m e n t  o f  t h e  s p e c t r a  
w i t h  r e s p e c t  t o  e a c h  o t h e r  f o r  t h e  s a k e  o f  a d d in g  th em  u p  t o  g iv e  t h e
sum t o t a l  y i e l d ,  ( i i )  f o r  a d d in g  t h e  s p e c t r a  f o r  b o t h  f o i l s  f o r  a l l
t h e  r u n s ,  ( i i i )  f o r  sum m ing u p  t h e  c o n t e n t s  o f  t h e  t o t a l  y i e l d  f o r  a  
g iv e n  e n e r g y  ( c h a n n e l )  h a n d .  I n  t h i s  w ay t h e  t o t a l  y i e l d  f o r  b o th  
f o i l s  w as o b t a i n e d  a n d  t h e  r a t i o  o f  t h e  y i e l d  w as c a l c u l a t e d  f o r  
( a )  e n e r g y  r a n g e  c o r r e s p o n d i n g  t o  5 t i m i n g  c h a n n e l s ,  u p  t o  500  keV 
a n d  20  c h a n n e l s  f o r  e n e r g i e s  b e lo w  5 0 0  k eV . (b )  f o r  t h e  e n e rg y  b a n d  
c o r r e s p o n d i n g  t o  o n e  t i m i n g  c h a n n e l .  The r e q u i r e m e n t  ( a )  w as c a r r i e d  
o u t  t o  o b t a i n  t h e  a v e r a g e  f i s s i o n  c r o s s  s e c t i o n  c u r v e ,  w h i l e  t h e  
r e q u i r e m e n t  ( b )  w as c a r r i e d  o u t  t o  e v a l u a t e  f i s s i o n  c r o s s  s e c t i o n  f o r  
e a c h  t i m i n g  c h a n n e l  i n  t h e  e n e rg y  r a n g e  4 2 0  t o  180 k eV . T h i s  c o r r e s ­
p o n d e d  t o  1 keV a n d  h e lp e d  t o  a s s e s s  t h e  e v id e n c e  o f  s t r u c t u r e  i n  
t h i s  e n e r g y  r a n g e .
7 .2  C o m p u ta tio n  o f  N e u t r o n  E n e r g i e s
S in c e  no  n e u t r o n  c a n  h a v e  a  t im e  o f  f l i g h t  s h o r t e r  t h a n  t h a t  o f  a  
p h o to n  a n d  s i n c e  t im e  o f  f l i g h t  i s  r e l a t e d  t o  a  c h a n n e l  n u m b e r , i t
CHAPTER 7
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i s  c o n v e n ie n t  t o  t a k e  t h e  d i f f e r e n c e  o f  y - c h a n n e l  an d  n e u t r o n - c h a n n e l  
t h i s  b e in g  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  o f  t im e s  o f  f l i g h t  o f  t h e
n e u t r o n s  a n d  t h e  p h o to n s .  As e a c h  c h a n n e l  i s  3*64  h s  w id e  t h e
d i f f e r e n c e  i n  t im e s  o f  f l i g h t  c a n  b e  w r i t t e n  a s ,
(Tn  -  T ) = (C M -C H y) x  3 * 6 4  n s  ^  . . . . .  (7 > 1 )  '
H e re  CHN i s  t h e  c h a n n e l  n u m b er f o r  n e u t r o n  o f  t im e -  o f  f l i g h t  T , a n d
CHy i s  t h e  c h a n n e l  n u m b er f o r  t h e  Y - r a y s  o f  t im e  o f  f l i g h t  Ty 
( s e e  F i g .  7 * 1 ) •  I n  t h i s  w ay i t  i s  n o t  im p o r t a n t  t o  know t h e  o r i g i n  
o f  t h e  t im e  s p e c t r u m .  Ty = 5 6 .1 1 6  n s  f o r  a  f l i g h t  p a t h  o f  
1 6 .8 3 5  m, t h e  v e l o c i t y  b e in g  0 .2 9 9 8  m /n s .  T he s u b s t i t u t i o n  o f  CHN,
CHy an d  Ty in. e q u a t i o n  (7 « 1 )  g i v e s  t h e  n e u t r o n  t im e  o f  f l i g h t .  T he
e n e r g y  o f  t h e  n e u t r o n  d e t e c t e d  i n  c h a n n e l  CHN c o r r e s p o n d i n g  t o  t im e
o f  f l i g h t  T^ c a n  t h e n  b e  c o m p u te d  f ro m i
E
E (MeV) =  -------- V — x  "  K  '....................................................... . (7 * 2 )
( 1  -  Z x  F
Tn
w h e re  Eq , t h e  r e s t  m a ss  e n e r g y  o f  t h e  n e u t r o n  =  939* 1 5 2  MeV. N e u tr o n  
t im e  o f  f l i g h t  T^ c a n  b e  s u b s t i t u t e d  i n  ( 7 . 2 ) a s
Tn  = (CHN -  CHy) sc 3 .6 4  + Ty
A p ro g ra m  w r i t t e n  i n  F o r t r a n  g i v e s  a n  o u tp u t  o f  c h a n n e l  n u m b e rs  i n  
te r m s  o f  n e u t r o n  e n e r g i e s .  T he p l o t  o f  c h a n n e l  n u m b e r v s  e n e rg y  i s  
show n i n  d ia g ra m  2 . 4 .  F i g ,  7 .2  sh o w s v a r i a t i o n  o f  t h e  c h a n n e l  w id th  
a s  a  f u n c t i o n  o f  e n e r g y .
\
\
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A l th o u g h  t h e  d e t e c t o r s  w e re  f a i r l y  i n s e n s i t i v e  t o ’Y - r a y s ,
' 235t h e  d e t e c t o r  f a c i n g  U f o i l  a c c u m u la te d  few  p h o t o - f i s s i o n
\
e v e n t s  i n  e a c h  r u n .  S in c e  t h e s e  e v e n t s  d id  n o t  h a v e  s t a t i s t i c a l l y
B
s i g n i f i c a n t  d i s t r i b u t i o n  t h e  p o s i t i o n  o f  t h e  Y -pealc  i n  t h e
s p e c t ru m  y i e l d  w as d e te r m in e d  i n  t h e  f o l l o w i n g  m a n n e r . The 
235
U s p e c t r a  show ed  a  sm o o th  a n d  s h a r p l y  r i s i n g  y i e l d  i n  t h e
h i g h  e n e r g y  r e g i o n ,  d u e  t o  t h e  d e t e c t o r  h a v in g  s l i g h t l y  lo w e r
b i a s .  ( F i g .  2 , 3 ) .  I t  w as t h e r e f o r e  c o n v e n ie n t  t o  f i x  t h e  c h a n n e l
o f  t h e  m id - p o in t  o f  t h e  l e a d i n g  e d g e  o f  t h e  h ig h  e n e r g y  peals:
ta lc in g  b e tw e e n  10 $  a n d  90 $  o f  i t s  y i e l d  f o r  e a c h  r u n  P i g .  7 . 3 ,
g r a p h  sh o w in g  t h e  m i d - p o i n t  o f  t h e  y i e l d s  w i t h  1 .1 $  u n c e r t a i n t y .
A f t e r  h a v in g  f i x e d  t h i s  m i d - p o i n t  c h a n n e l  f o r  a l l  t h e  s p e c t r a ,
t h e y  w e re  th e n  a l i g n e d  a n d  a d d e d  w i t h  t h e i r  m i d - p o i n t s  o f  t h e i r
l e a d i n g  e d g e  i n  t h i s  f i x e d  c h a n n e l .  T h i s  a s s i m i l a t i o n  y i e l d e d
a  c u m u la t iv e  p l o t  o f  t h e  p h o t o - f i s s i o n  e v e n t s  w i t h  r e s p e c t  t o
t h e  f i x e d  m i d - p o i n t  c h a n n e l .  The c e n t r o i d  o f  t h i s  c u m u la t iv e
p l o t  w as t a k e n  a s . t h e  p o s i t i o n  o f  m ean o f  t h e  Y -p e a k  f ro m  w h a t . ■
w o u ld  h a v e  b e e n  t h e  p o p u l a t i o n  o f  t h e  a c c u m u la te d  p h o t o - f i s s i o n
e v e n t s o F i g .  7 .4  show s t h e  c u m u la t iv e  p l o t . o f  Y -p e a k  o b t a i n e d  i n
t h i s  w ay . The Y -p e a k  w as d e te r m in e d  t o  b e  36  + 0 . 5  c h a n n e l s
235
e a r l i e r  t h a n  m i d - p o i n t  c h a n n e l  o f  h ig h  e n e r g y  y i e l d s  f o r  U
s p e c t r a .  T h is  f i x e d  t h e  Y -pealc  p o s i t i o n  i n  c h a n n e l  186 + 0 .5
235o f  t h e  t im e  s p e c t r a  summed f o r  a l l  t h e  r u n s  f o r  U .  The w id th  
o f  t h e  Y -p e a k  w as t h e n  t h e  m e a s u re  o f  s t a t i s t i c a l  u n c e r t a i n t y  i n h e r e n t  
i n  t h e  s y s te m .'-V " !  /  V
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As a  p r a c t i c a l  s t e p  w as t a k e n  t o  e n s u r e  t h a t  t h e  e l e c t r o n i c  
234p u l s e s  fro m  a l l  U d e t e c t o r s  t r a v e r s e d  th e  sam e c a b l e  l e n g t h s  
235a s  t h o s e  fro m  U d e t e c t o r ,  i t  w as a s su m e d  t h a t  h a d  t h e r e  b e e n
234a n y  Y - r a y s  d e t e c t e d  b y  U d e t e c t o r  t h e y  w o u ld  a l s o  b e  d e t e c t e d
235 •i n  c h a n n e l  1 8 6 , t h e  Y - r a y s  f o r  U s p e c t r u m . H ow ever t h e y  w e re  
234t h r e e  U d e t e c t o r s .  The o b j e c t i v e  w as t o  make s u r e  t h a t  s h o r t
t im e  d r i f t s  i n  e a c h  d e t e c t o r  d u e  t o  e l e c t r o n i c s ,  t e m p e r a t u r e  e t c .
h a v e  b e e n  t a k e n  c a r e  o f  f ro m  r u n  t o  r u n ,  a s  t h e  sum o f  t h e s e
234s p e c t r a  w as r e q u i r e d  t o  y i e l d  t h e  t o t a l  U f i s s i o n  e v e n t s .
E a c h  d e t e c t o r  h a d  a c c u m u la te d  d a t a  f o r  s e v e n te e n  r u n s ,  t h e s e  
r u n s  w e re  a d d e d  s e p a r a t e l y  f o r  e a c h  d e t e c t o r  y i e l d i n g  c u m u la t iv e  
h i s t o g r a m s .  T he c e n t r o i d  o f  t h e  h i s to g r a m s  g a v e  th e .  Y -p e a k  
p o s i t i o n  i n  c h a n n e l s  a s  g iv e n  b e lo w ,
Y -pealc  f o r  D e t e c t o r  1 i n  c h a n n e l  1 8 4 .0  + 0 . 5
Y -p e a k  f o r  D e t e c t o r  2 i n  c h a n n e l  1 8 8 .5  + 0 . 5
Y -pealc  f o r  D e t e c t o r  3 i n  c h a n n e l  1 8 6 .0  + 0 ,5
T h e r e f o r e  a  f u r t h e r  s h i f t  o f  t h e  i n d i v i d u a l  s p e c t r a  f o r  e a c h
d e t e c t o r  w as n e c e s s a r y  t o  f i x  t h e  Y -p e a k  p o s i t i o n  i n  t h e  sam e
c h a n n e l ,  i . e .  i n  c h a n n e l  186 f o r  e a c h  d e t e c t o r  a s  w as t h e  c a s e  
235f o r  U d e t e c t o r .  T h is  o p e r a t i o n  e n a b le d  t o  a v o id  a  s p r e a d  i n
• 234t h e  t im e  r e s o l u t i o n  f u n c t i o n  a n d  i n  t h e  sum t o t a l  y i e l d  o f  U 
s p e c t r a .  C o m p a rin g  w i t h  u n s h i f t e d  s p e c t r a  t h e  r e s o l u t i o n  
f u n c t i o n  h a d  a n  i n c r e a s e d  a c c u r a c y  o f  a b o u t  16%. The FWHM o f
t h e  Y -p e a k  w as r e d u c e d  f ro m  4 . 7  + 0 .5  c h a n n e l s  t o  3 - 9  + 0 .5
2 3 4  ^ •
c h a n n e l s .  T he r e s o l u t i o n  f u n c t i o n  f o r  U s p e c t r a  summed f o r "
a l l  t h e  r u n s  i s  show n i n  f i g . .  7 . 5 .  T h is  p r o v i d e s  a  m e a s u re m e n t
7 .3 * 2  TJ2^4 S p e c t r a
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o f  i n t e r n a l  t im e  r e s o l u t i o n  o f  t h e  s p e c t r o m e t e r  a t  1 6 .8 3 5  m. The  ^
FWBM g i v e s  t h e  i n t e r n a l  r e s o l u t i o n  a s  14*96 + .0 5  n s  c o n s i d e r i n g  
t h e  y i e l d  i n  5 c h a n n e l s  a t  e a c h  s i d e  o f  t h e  m ean a s s u m in g  a  
n o rm a l  d i s t r i b u t i o n .  The c e n t r o i d  h a d  a  s t a n d a r d  d e v i a t i o n  o f  
1 .6 8  w i t h  a  s t a n d a r d  e r r o r  o f  0 .0 1 1 8  c h a n n e l s .  The s y s t e m a t i c  
e r r o r s  a n d  r e l a t i v e  e r r o r s  i n  e n e rg y  c a l c u l a t i o n s  w e re  n e g l i g i b l e  
(O.15$).
7*4 A d d i t i o n  an d  P r o c e s s i n g  o f  t h e  S p e c t r a
A f lo w  c h a r t  i n  f i g .  (7*6 ) i n d i c a t e s  t h e  s t e p s  t a k e n  in .p r o g r a m
a n d  s u b r o u t i n e  u t i l i z e d  i n  t h e  p ro g ram - w r i t t e n  f o r  a d d in g  a n d  p r o c e s s i n g
t h e  d a t a  w i t h  t h e  h e l p  o f  t h e  c o m p u te r .  The s u b r o u t i n e  r e a d  8 0 0 0
c h a n n e l s  f ro m  t h e  m a g n e t ic  t a p e ,  e a c h '2 0 0 0  o f  w h ic h  r e p r e s e n t e d  t h e
c o n t e n t s  o f  s p e c t r u m  f o r  o n e  d e t e c t o r .  F i r s t  3 g r o u p s  o f  2000
234c h a n n e l s  e a c h  r e p r e s e n t e d  t h e  s p e c t r a  o f  3 U d e t e c t o r s  w h i l e  t h e
2344 t h  g ro u p  o f  2 0 0 0  c h a n n e l s  r e p r e s e n t e d  t h e  s p e c t r a  f o r  U d e t e c t o r .  
( D e t .  4 )*  The s u b r o u t i n e  t h e n  a d d e d  f i r s t  3 g ro u p s  o f  200 0  c h a n n e ls
0*2* A
e a c h  (tr s p e c t r a )  a n d  s t o r e d  t h e  sum i n  2 300  c h a n n e l s  o f  t h e  s t o r e
*
c a l l e d  NA, w i t h  Y -p e a k  o f  t h e s e  s p e c t r a 'p l a c e d  i n  c h a n n e l  3 0 0 ‘f o r
c o n v e n ie n c e .  T hen  i t  s t o r e d  t h e  c o n t e n t s  o f  t h e  4 t h  g ro u p  o f  200 0
c h a n n e l s  (iJ233 s p e c t r a )  i n  2 3 0 0  c h a n n e l s  o f  s t o r e  c a l l e d  NB, a g a i n
p l a c i n g  t h e  Y -pealc  f o r  a l l  t h e  s p e c t r a  i n  c h a n n e l  3 0 0  o f  NB f o r
c o n v e n ie n c e .  A p r i n t  o u t  w as t h e n  o b t a i n e d  o f  NA r e p r e s e n t i n g  th e  
234y i e l d  o f  3 U d e t e c t o r s  summed f o r  a l l  t h e  r u n s ,  a n d  o f  NB
235r e p r e s e n t i n g  t h e  y i e l d  f o r  U .  I n  t h e  'm a in *  p ro g ra m s  t h e  s t e p s  
w e re  t a k e n  ( i )  t o  a l i g n  Y -pealc  p o s i t i o n  f o r  e a c h  r u n  f o r  e a c h  d e t e c t o r  
a s  e x p l a i n e d  e a r l i e r .
( i i )  t o  p r o v id e  t h e  m ean s o f  sum m ing t h e  c o n t e n t s  o f  e a c h  5 c h a n n e l s  
i n  NA a n d  NB.
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( i i i )  t o  e v a l u a t e  t h e  r a t i o  o f  U234 f i s s i o n  c o u n t s  t o  u ^ 33 f i s s i o n  
c o u n t s  f o r  e n e r g y  b a n d s  c o r r e s p o n d i n g  t o  5 c h a n n e l s  (R 5) a n d  t h a t  
t o  o n e  c h a n n e l  ( R l ) .
( i v )  to ' c a l c u l a t e  t h e  r e l a t i v e  e r r o r s  i n  t h e  r a t i o s *
7 .5  E n e rg y  B ands
The t o t a l  y i e l d  o f  t h e  t im in g  i n f o r m a t i o n  w as c o n t a i n e d  i n  tw o
2 3 4  235s e t s  o f  2 3 0 0  t im e  c h a n n e l s ,  e a c h  f o r  U a n d  U • f i s s i o n  e v e n t s .
S in c e  y - p e a k  w as a l i g n e d  i n  c h a n n e l  3 0 0 , th e .  num ber o f  e v e n t s  i n  
c h a n n e l s  1 - 3 0 0  w e re  t a k e n  a s  b a c k g ro u n d  c o u n ts .-  T h is  b a c k g ro u n d  
a m o u n te d  t o  .0 3 5  c o u n t s  p e r  c h a n n e l  an d  w as i g n o r e d .  The d a t a  i n  t h e  
im p o r t a n t  r a n g e  o f  e n e r g y  b e tw e e n  180 keV  t o  6 MeV w as c o n t a i n e d  i n  
651 c h a n n e l s  f o r  e a c h  s e t .  T h e se  d a t a 4w e re  t h e r e f o r e  c o m b in e d  i n t o  
t h r e e  e n e r g y  b a n d s .  T h is  e n e r g y  b a n d in g  w as s i m i l a r  f o r  e a c h  s e t .
(1 )  6 5 O c h a n n e l s  w e re  b a n d e d  i n t o  130 g r o u p s  o f  5 c h a n n e l s  e a c h  
w i t h  a b o u t  2 .5%  a c c u r a c y  i n  e a c h  b a n d  p e r  s e t  o f  d a t a  f o r  t h e  
r a n g e  o f  e n e r g i e s  b e tw e e n  4 0 0  keV t o  6 MeV. The y i e l d  c o n t e n t s  
c o r r e s p o n d in g  t o  e a c h  b a n d  w as summed an d ' t h e  sum w as u s e d  t o . ,  
e v a l u a t e  t h e  r a t i o  o f  t h e  f i s s i o n  e v e n t s  i n  b o t h  f o i l s .  T h is  
r a t i o  w as d e f i n e d  a s ,
234
■d ( c )  _  sum o f  C o u n ts  i n  5 t i m i n g  c h a n n e l s  o f  U s p e c t r a
sum o f  c o u n t s  i n  t h e  sam e 5 t i m i n g  c h a n n e l  o f  TJ' Zj b  s p e c t r a
The m e a s u re d  c r o s s  s e c t i o n  v a l u e s  i n - e a c h  b a n d  w as c o m p a re d  t o  
t h o s e  o f  L am p h ere  ( s e c t i o n  9 ) .
( 2 ) B elow  40 0  k e y ,  e a c h  c h a n n e l  w i d th  i n  te rm s  o f  e n e r g y  w as 
b e c o m in g  n a r r o w e r ,  a n d  i t  w as n e c e s s a r y  t o  co m b in e  d a t a  i n t o  
l a r g e r  c h a n n e l  b a n d s .  The d a t a  w e re  t h e r e f o r e  co m b in ed  i n t o
6 s e t s  o f  50  c h a n n e l s  e a c h  w i t h  4% a c c u r a c y  t o  a c h i e v e  a  r e a s o n a b l e  
a v e r a g e  o f  t h e  c o n t e n t s  i n  o r d e r  t o  p l o t  a n  a v e r a g e  c u r v e  ( f i g . 9 .2 )
i n  C h a p te r  9)»  show n a s  t r i a n g u l a r  p o i n t s ,  
b a n d s  o f  e n e rg y  i s  g i v e n  i n  t a b l e  ( ) .
( 3 ) The m o s t im p o r t a n t  s e t  o f  d a t a  w as t a k e n  a s  
s i n g l e  c h a n n e l  f o r  t h e  e n e r g y  r a n g e  b e tw e e n  
c h a n n e l  w id th  i n  te r m s  o f  e n e r g y  w as o f  th e  
c o r r e s p o n d in g  t o  1 8 0 -2 9 0  keV b a n d ,  0 .9 8  keV 
an d  1 .2 2  keV f o r  3 2 O- 3 6 3  keV . F o r  3 6 0 -4 2 2 , 
w as 1 .4 6  keV a n d  a b o v e  422  keY t h e  e n e r g y  i n t e r v a l  b eco m es l a r g e r  
t h a n  2 . 2  keV . The s i n g l e  c h a n n e l  d a t a  w as a n a ly s e d  i n  o r d e r  t o  
d e t e c t  t h e  v a r i a t i o n  i n  f i s s i o n  c r o s s  s e c t i o n  w i t h  e a c h  e n e rg y  
c h a n n e l  a n d  t h u s  e s t i m a t e  t h e  f l u c t u a t i o n s  i n  t h e  c r o s s  s e c t i o n  
w h ic h  m ig h t  s t a t i s t i c a l l y  b e  v e r y  s i g n i f i c a n t  so  a s  t o  i n d i c a t e  
t h e  p r e s e n c e  o f  t h e  s t r u c t u r e .  • The s t a t i s t i c a l  a c c u r a c y  i n  t h e  
r a t i o  o f  c o u n t s  f o r  two f o i l s  c o r r e s p o n d in g  t o  e a c h  e n e r g y  b a n d  
o f  1 keV w as «v 16%. T h is  i n d i c a t e d  20% s t a t i s t i c a l  u n c e r t a i n t y  
i n  t h e  f i s s i o n  c r o s s  s e c t i o n  i n  t h e  c r u c i a l  r a n g e  a ro u n d  325  keV .
7 .6  L i n e a r i t y  o f  t h e  C h a n n e l w id th
S in c e  t h e ‘f i s s i o n  y i e l d  i n  t h e  c r u c i a l  e n e rg y  r a n g e  w as n o t  
e n o u g h  t o  e s t i m a t e  t h e  l i n e a r i t y  o f  t h e  u n c e r t a i n t y  i n  t h e  c h a n n e l  
w i d t h ,  a  l a r g e  y i e l d  w as o b t a i n e d  b y  p u t t i n g  a  L i - g l a s s  s c i n t i l l a t o r  
i n  t h e  beam  an d  i n s p e c t i n g  i t s  s p e c t r u m . The y i e l d  o u t p u t  w as p r i n t e d  
i n  a  l i n e a r  a r r a y  c o n s i s t i n g  o f  100 r o w s ,  e a c h  o f  20  c o lu m n s . The 
sum o f  t h e  c o n t e n t s  o f  e a c h  co lu m n  f o r  a  t o t a l  14 c o lu m n s  f o r  201 ro w s 
w as o b t a i n e d  an d  c o m p a re d  w i th  e a c h  o t h e r  i n  o r d e r  t o  t r a c e  t h e  o d d -  
e v e n  e f f e c t  i n  t h e  c h a n n e l  w i d t h s .  T h i s  w as p o s s i b l e  a s  t h e  r e s u l t i n g  
y i e l d  d i d  n o t  c h a n g e  a p p r e c i a b l y  w i t h  t h e  c h a n n e l  b a n d  c o n t a i n e d  i n  
14 c o lu m n s  o f  t h e s e  ro w s . T h is  a n a l y s i s  a s c e r t a i n e d  t h a t  t h e  w id th
t h e  c o n t e n t s  o f  e a c h  
4 2 0 -1 8 0  keV . The 
o r d e r  o f  0 .4 3  keY 
f o r  2 9 0 -3 2 0  keV band  
t h e  c h a n n e l  w id th
The d a t a  f o r  th e s e
o f  t h e  s u c c e s s i v e  c h a n n e l s  a r e  e q u a l  on  a v e r a g e  t o  w i t h i n  0 ,2 $ .  
S i m i l a r  t e s t s  i n d i c a t e  t h e  c h a n n e l  w id th s  t a k e n  i n  g r o u p s  o f  2 t o  4 
c h a n n e l s  a r e  a l s o  e q u a l  w i t h i n  0 . 2 $ .  The b a c k g ro u n d  d u e  t o  o v e r ­
l a p p i n g  n e u t r o n  b u r s t s  w as ig n o r e d  d u e  t o  t h e  f a c t  t h a t  .0 0 5  c o u n t s /  
c h a n n e l  w e re  o b s e r v e d  b e tw e e n  Y -p e a k s  a n d  n e u t r o n  s p e c t r u m  a s  s e e n  b y  
t h e  L i - g l a s s  s c i n t i l l a t o r *
7* 7  H i^ h  E n e rg y  P e a k s  i n  t h e  Time S p e c t r a
235The t im e  s p e c tru m  o f  d e t e c t o r  4 ,  f a c i n g  V  f o i l  show ed  a  h ig h
e n e rg y  p e a k  ( f i g .  2 . 3 ) ,  s t a r t i n g  a t  A /10 MeV a n d  r i s i n g  t o  ^ 2 9  MeV.
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O n ly  one o f  t h e  t h r e e  U d e t e c t o r s  show ed  a  s l i g h t  p e a k  i n  t h e  h ig h
e n e rg y  r e g i o n  ( f i g .  2 . 2 ) .  T he c a u s e  o f  t h i s  e f f e c t  i s  n c )i o b v io u s
s i n c e  i t  c a n n o t  b e  due  t o  f i s s i o n  e v e n t s .  A p o s s i b l e  e x p l a n a t i o n
c o u ld  b e  t h a t  t h e  d e t e c t o r s  w e re  n o t  b i a s e d  a b o v e  27 MeV i n  t h e s e  ,
c a s e s  a s  d e s c r i b e d  i n  S e c t i o n  7 * 3  (p * 3 8 )*  a n d  t h a t  t h e  h i g h  e n e r g y  
28
p e a k  i s  d u e  t o  S i  ( n * a )  r e a c t i o n  a t  t h e s e  e n e r g i e s .  T he low  b i a s  
s e t t i n g  o f  t h e  d e t e c t o r s  w o u ld  n o t ,  h o w ev er#  i n t r o d u c e  a n y  b a c k g ro u n d  
c o u n ts  d u e  to  S i( r^ a )  r e a c t i o n  i n  t h e  lo w  e n e r g y  r e g i o n .
STRUCTURE IN U2g4 F IS S IO N •CROSS SECTION< ~""ri  “■ “■
8 .1  I n t r o d u c t i o n
The d i s c o v e r y  o f  i n t e r m e d i a t e  s t r u c t u r e  i n  f i s s i o n  c r o s s
s e c t i o n  i n  m any n u c l e i  h a s  e n c o u ra g e d  t h e  s e a r c h  f o r  t h e  s t r u c t u r e
i n  t h e  e n e r g y  d e p e n d e n t  f i s s i o n  c r o s s  s e c t i o n  a n d  r e s o n a n c e  p a r a m e te r s  
234i n  U , l e a d i n g  t o  t h e  r e s u l t s  o b t a i n e d  a t  lo w  e n e rg y  b y  Jam es an d
R ae a n d  t o  t h e  p r e s e n t  r e s u l t s .a t  n e a r  t h r e s h o l d  r e g i o n .  T he .
234s t r u c t u r e  i n  U f i s s i o n  c r o s s  s e c t i o n  i s  o f  a  co m p lex  n a t u r e  an d
m ore  d i f f i c u l t  t o  d e a l  t h e o r e t i c a l l y  a s  i t  i s  a  c o m p o s i te  m ix tu r e  o f  
i n t e r m e d i a t e  s t r u c t u r e  i n t o  a  b r o a d  s t r u c t u r e .  The i n t e r p r e t a t i o n  
i s  b a s e d  o n  t h e  t h e o r y  o f  L ynn an d  W eigm an ( 1 ,2 7 ) *  As m e n t io n e d
p r e v i o u s l y ,  t h e  i n t e r m e d i a t e  q u a s i  s t a b l e  s t a t e s  i n  t h e  s e c o n d  w e l l
;
o f  t h e  p o t e n t i a l  e n e r g y  c u r v e  a r e  r e s p o n s i b l e  f o r  t h e  s t r u c t u r e .
I t  i s  c e r t a i n  t h a t  S t r u t i n s k y ' s  fo rm  o f  p o t e n t i a l  e n e r g y  i s  im p o r t a n t  
i n  t h e  d e f o r m in g  n u c l e u s  a n d  c o n t r i b u t e d  t o  v a r i o u s  p r o p e r t i e s  o f  th e  
s t r u c t u r e .  I n  t h e  f o l l o w i n g  s e c t i o n s  t h e  p r o p e r t i e s  o f  t h e  i n t e r ­
m e d ia te  com pound s t a t e s  b a s e d  on  L y n n 's  t h e o i y  w i l l  b e  d i s c u s s e d  
b r i e f l y .
2 3 48 . 2  The S t r u c t u r e  i n  U F i s s i o n  C ro s s  S e c t i o n
A h o t  com pound n u c l e u s  i s  fo rm e d  w hen t h e  t a r g e t  n u c l e u s  
c a p t u r e s  a n  i n c i d e n t  n e u t r o n .  The com pound n u c le u s  t h e n  t a k e s  t h e  
fo rm  c o r r e s p o n d in g  t o  e i t h e r  t h e  f i r s t  minimum o r  t h e  s e c o n d  minimum 
o f  t h e  p o t e n t i a l  e n e r g y  c u r v e ,  d e p e n d in g  on  t h e  e n e r g y  a v a i l a b l e  f o r  
d e f o r m a t io n ,  F i g .  8 . 1 ( a ) .  T he o n e - d im e n s io n a l  w a v e - f u n c t io n  i n  th e  
tw o p o t e n t i a l  e n e rg y  m in im a  may b e  c l a s s i f i e d  b y  t h e i r  r e l a t i v e  
a m p l i tu d e s  i n  t h e  tw o m in im a . The e ig e n  f u n c t i o n s  w i t h  t h e  m a jo r
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FIG. 8-1 S C H E M A T I C  D IA G R A M  O F  T H E  S T RU T IN SK Y  
P O T E N T I A L  AS A F U N C T I O N  O F  P R O L A T E .  
D E F O R M A T I O N  (a )
C L A S S  I  AND C L A S S  J l  V I B R A T I O N A L  L E V E L  AND 
W A V E - F U N C T I O N S  A R E  S H O W N  (b )
p a r t  o f  t h e i r  a m p l i t u d e s  i n  t h e  f i r s t  minimum a r e  c a l l e d  t h e
I
. c l a s s - I  e i g e n f u n c t i o n s ,  d e n o te d  b y  X x  , t h o s e  w i t h  th e  m ao o r p a r t  
o f  t h e i r , a m p l i t u d e s  I n  t h e  s e c o n d  m in im a a r e  d e s c r i b e d  a s  c l a s s - I I  
e i g e n f u n c t i o n s ,  d e n o te d  b y  X ^ *  The r e l a t i v e  a m p l i t u d e s  o f  a  
g iv e n  e i g e n f u n c t i o n  i n  t h e  tw o m in im a  d e p e n d  on  t h e  d e p th  o f  t h e  
e i g e n f u n c t i o n  b e lo w  th e  i n t e r m e d i a t e  b a r r i e r  A, a n d  on  t h e  e i g e n ­
v a l u e  s e p a r a t i o n  o f  t l ie  n e i g h b o u r i n g  e i g e n f u n c t i o n s  o f  o p p o s i t e  
c l a s s .  The e i g e n f u n c t i o n  a n d  e i g e n v a l u e s  o f  t h e  e n t i r e  s y s te m  a r e  
d e n o te d  b y  an d  E^ 0
A c c o rd in g  to  L ynn  ( r e f .  ( 1 . 2 4 ) ,  ( l° 2 5 ))s>  t h e  H a m i l to n ia n  H 
f o r  t h e  t o t a l  e n e rg y  o f  t h e  s y s te m  c a n  h e  deco m p o sed  i n t o  p a r t s  
d e s c r i b i n g  e n e r g i e s  f o r  c o l l e c t i v e  m o t io n  o f  t h e  n u c l e u s ,  an d  f o r  
t h e  v i b r a t i o n a l  m o d e s , n a m e ly ,
H '=  Hfi + ( x 'h .  +  2  H . ) +  y H ( 3 .  * 0 . 0  ( 8 .1 )
p i  1  i ,0  10  i
w h e re ,
Hp 53 d e s c r i b e s  t h e  sum [ < t p + y ]  o f  t h e  k i n e t i c  a n d
p o t e n t i a l  e n e r g y  o f  v i b r a t i o n  o n ly  a s  a  f u n c t i o n  o f  
p r o l a t e  d e f o r m a t io n  (3®
■ d e s c r i b e s  t h e  e n e rg y  o f . t h e  o t h e r  k in d  o f  i n t r i n s i c  .
c o l l e c t i v e  m o tio n
H*. . =  d e s c r i b e s  t h e  i n t e r a c t i o n  b e tw e e n  v a r i o u s  c o l l e c t i v e  X 9 *3
m odes
T h u s t h e  te r m  [ ?  H. + . E .  . J d e s c r i b e s  t h e  ' i n t r i n s i c *  d e g r e e sU  1  1 , 0  1 , 3  j
o f  f r e e d o m , t h e  o t h e r  c o l l e c t i v e  p a r a m e te r s  a s s o c i a t e d  w i t h  t h e  
s h a p e  o f  t h e  n u c l e u s ,  i t s  r o t a t i o n ,  o r  s i n g l e - p a r t i c l e  e x c i t a t i o n s

It '■ . > •
H p i ~  d e s c r i b e s  t h e  i n t e r a c t i o n " b e t w e e n  t h e s e  d e g r e e s  o f
fre e d o m  an d  v i b r a t i o n a l  d e g r e e  o f  f r e e d o m  a s s o c i a t e d  
w i t h  c h a n g in g  d e f o r m a t io n  p .
^ ^ ( p ) ?  Ey . t h e r e f o r e  d e n o te  t h e  e i g e n f u n c t i o n s  a n d  e ig e n ­
v a l u e s  o f  H p, a n d  
X .,9 E d e n o te  t h e  e i g e n f u n c t i o n s  an d  e i g e n v a l u e s  o f 1
(£Hi + + Hi Y
The e i g e n f u n c t i o n  a n d  e i g e n v a l u e s  o f  t h e  e n t i r e  s y s te m  c a n  b e  
w r i t t e n  a s ,
e t c . 1 f o r  a  f i x e d  p r o l a t e  d e fo rm a tio n .
X, = E  CA X . . . . .  (8 . 2 )A yu, v  H '
v  p r  r
B o th  m in im a  i n  t h e  p o t e n t i a l  e n e r g y  c u r v e ,  f i g .  ( 8 . 2 ) h a v e  t h e i r  
own s e p a r a t e  s p e c tru m  o f  s t a t e s ,  a n d  t h e s e  c l a s s - I  a n d  c l a s s - I I  
s t a t e s  c a n  b e  e x p r e s s e d  a s ,
I
~  ^  °  U ®  X u .  00 . .  o ( 8 .3 )
J l  V  _ J  I I  f a  a \
LX ~ C rh . . . . .  ( 8 .4 ). Ll ^ U. ^  X nyII^  ^11
F o r  e i g e n v a l u e s  E v  b e lo w  t h e  i n t e r m e d i a t e  maximum A , t h e  e ig e n ­
f u n c t i o n s  w i l l  h a v e  a  m uch l a r g e r  a m p l i tu d e  i n  p o t e n t i a l  w e l l  I  
t h a n  i n  t h e  o t h e r .
-  51 -
I t  i s  o b v io u s  t h a t  C l a s s - I  a n d  C l a s s - I I  s t a t e s  w i l l  adm ix  
t o  a n  e x t e n t  w h ic h  d e p e n d s  on  t h e  e i g e n v a lu e s  o f  t h e  s t a t e s  an d  
t h e  h e i g h t  o f  t h e  i n t e r m e d i a t e  h a r r i e r  A ( f i g s .  8 . 1 ,  8 . 2 ) .
The f i n a l  s e t  o f  t h e  com pound n u c l e u s  s t a t e s  X ^  c a n  b e  
o b t a i n e d  b y  c o u p l i n g  t h e s e  tw o s t a t e s .  The c o u p l i n g  i s  
g o v e r n e d  b y  t h e  m a t r i x  e le m e n t  o f  t h e  fo rm , r e f .  ( 1 . 2 4 )
8*2*1 The c o u p lin g  p a r a m e te r s
C o n s id e r in g  t h e  d o u b l e - h a r r i e r  p o t e n t i a l  c u r v e ,  w hen  t h e
e x c i t a t i o n  e n e rg y  i s  m uch h i g h e r  t h a n  t h e  i n t e r m e d i a t e  h a r r i e r
A , t h e  tw o k i n d s  o f  s t a t e s  w i l l  b e  h i g h l y .m i x e d .  On t h e  o t h e r
h a n d ,  a t  low  e n e r g y  t h e r e  w i l l  h e  n e a r  c o m p le te  s e p a r a t i o n  o f
t h e  tw o s t a t e s .  I n  t h e  i n t e r m e d i a t e  c a s e ,  t h e r e  w i l l  b e  a
w eak  c o u p l i n g  th r o u g h  t h e  h a r r i e r  a n d  C l a s s - I  s t a t e s  c l o s e  t o
C l a s s - I I  s t a t e s  w i l l  m ix  t o  fo rm  a c t u a l  com pound s t a t e s .  I t
234h a s  b e e n  s u g g e s te d  b y  L ynn t h a t ,  i n '  t h e  c a s e  o f  U r e s o n a n c e s ,  
t h e  c o u p l i n g  b e tw e e n  t h e  tw o s t a t e s  i s  o f  t h e  'w eak* t y p e  a n d  
i s  g o v e rn e d  b y  t h e  c o n d i t i o n ,
w h e re  D I ,  D II  a r e  t h e  a v e r a g e  l e v e l  s p a c in g s  o f  t h e  C l a s s - I  an d
•  o m • o ( 8 . 5 )
D I<  H" « D I I (8.6)
C l a s s - I I  s t a t e s ,  H" i s  t h e  e x p r e s s i o n  ( 8 . 5)0
52 -
8 . 2 . 2  The p r o p e r t i e s  o f  t h e  C l a s s - I  and  C l a s s - I I  S t a t e s
(1 )  C l a s s - I  com pound s t a t e s  h a v e  n o n - z e r o  n e u t r o n  w i d t h s ,  
b u t  t h e , C l a s s - I I  s t a t e  n e u t r o n  w id th s  a r e  z e r o .  T h i s  m eans 
a  c a p t u r e d  n e u t r o n  c a n n o t  e x c i t e  a  C l a s s - I I  s t a t e ,  i n  t h e  
a b s e n c e  o f  a  n e a r b y  C l a s s - I  s ta te ®  H o w ev er, C l a s s - I I  s t a t e s  
w i l l  b e  e x c i t a b l e  b y  h i g h e r - e n e r g y  p a r t i c l e  r e a c t i o n s  s u c h  a s  
( p , p ' )  ( d ,2 n )  e t c .
( 2 ) F i s s i o n  W id th s
The f i s s i o n  w id th s  o f  C l a s s - I I  com pound s t a t e s  a r e  m uch l a r g e r  
th a n  t h o s e  o f  C l a s s - I  com pound s t a t e s .  The f i s s i o n  d e c a y  
p r o b a b i l i t y  i s  g o v e rn e d  b y  t h e  a m p l i tu d e  o f  t h e  h i g h e s t  ad m ix ed  
p -w av e  f u n c t i o n  ( o f  t h e  v i b r a t i o n a l  s t a t e )  . i n  t h e  com pound 
s t a t e  a t  t h e  s a d d l e  p o i n t .  T h is  a m p l i tu d e  i s  m uch g r e a t e r  f o r  
a  C l a s s - I I  p - s t a t e  t h a n  f o r  a  C l a s s - I  p - s t a t e ,  w h ic h  i s  a l r e a d y  
a t t e n u a t e d  b y  t u n n e l l i n g  th r o u g h  t h e  i n t e r m e d i a t e  b a r r i e r  A.
The r e l a t i v e  m a g n i tu d e s  o f  C l a s s - 1  an d  C l a s s - I I  f i s s i o n  w id th  
a r e  g iv e n  a p p r o x im a te ly  b y
. L  - 2  ■ DI . . . . .  (8 . 1 )
rn**' ■ DU
w h e re  C i s  t h e  r e l a t i v e  a m p l i tu d e  o f  t h e  m in o r  p a r t  o f  t h e
w ave f u n c t i o n  c o m p a re d  w i t h  t h e  m a jo r  p a r t .
234T he t h e o r y  e v o lv e d  i n  t h e  c a s e  o f  U s t r u c t u r e  i s  
t r e a t e d  i n  d e t a i l  i n  C h a p te r  10  i n  c o n n e c t io n  w i t h  t h e  s im u la ­
t i o n  o f  . s t r u c t u r e  b a s e d  on t h i s  t h e o r y .  The s t r u c t u r e  s im u l a t e d  
on  t h e  b a s i s  o f  t h i s  t h e o r y  i s  i n  a g re e m e n t w i t h  t h e  o b s e r v e d  
s t r u c t u r e  a n d  i s  d i s c u s s e d  i n  d e t a i l  i n  C h a p te r  10*
-  5 3  -
9-1  . I n t r o d u c t i o n
The f a c t  t h a t  Jam es an d  R ae  r e f *  ( 1 • 1 1 )  w e re  a b l e  t o  f i n d
234
d i s t i n c t  g r o u p s  o f  r e s o n a n c e s  a t  lo w  e n e rg y  i n  U f i s s i o n  c r o s s
s e c t i o n s  e n c o u r a g e d  t h e  s e a r c h  f o r  m ore  s t r u c t u r e  a t  m o d e r a te ly  h ig h
e n e r g y  o f  325  keV* I t  w as s u g g e s t e d  b y  L ynn r e f .  (1 * 2 4 )  t h a t
n a r ro w  i n t e r m e d i a t e  s t r u c t u r e  f o u n d  a t  lo w  e n e r g y  m ay b e  a s s o c i a t e d
w i t h  t h e  w in g  o f  a  dam ped v i b r a t i o n a l  l e v e l ,  w h ic h  may b e  t h e  one
f i r s t  o b s e r v e d  a t  325  keV  b y  L am p h ere  r e f .  ( 1 . 2 )* '
The n e e d  f o r  m o re  a c c u r a t e  m e a s u re m e n ts  o f  f  i s s i o n  ^ c ro s s  s e c t i o n
a t  325 keV t h e r e f o r e  a r o s e  fro m  t h e  s u g g e s t i o n  t h a t  t h e  r e s o n a n c e
a t  t h i s  e n e r g y  c a n  b e  a t t r i b u t e d  t o  a  v i b r a t i o n a l  l e v e l  i n  t h e  s e c o n d
w e l l  o f  S t r u t i n s k y * s  r e f .  ( 1 .2 1 )  p o t e n t i a l .
The p r im a r y  o b j e c t i v e  o f  t h e  p r e s e n t  m e a s u re m e n ts  w as t o  p r o v id e
f i s s i o n  c r o s s  s e c t i o n  v a l u e s  o f  s u f f i c i e n t  a c c u r a c y  i n  o r d e r  t o
e s t a b l i s h  th e  e x i s t e n c e  o f  t h e  s t r u c t u r e #  i f  any# a s s o c i a t e d  w i th  t h i s
v i b r a t i o n a l  l e v e l  a t  325  keV .
From  t h e  s t a n d  p o i n t  o f  t h e  e x p e r im e n t ,  t h e  m o s t s i g n i f i c a n t  d a t a
w e re  c o n ta in e d  i n  1400  c h a n n e l s  c o r r e s p o n d in g  t o  e n e r g i e s  b e tw e e n  180
lceV to  4 2 0  k eV . The e n e r g y  r e s o l u t i o n  a ro u n d  325 keV w as w e l l
s u i t e d  t o  d e t e c t  f l u c t u a t i o n s  i n  t h e  c r o s s  s e c t i o n  an d  r e v e a l
t h e  e n e rg y  d e p e n d e n c e  o f  t h e  s t r u c t u r e  o b s e r v e d .  The m o s t im p o r t a n t
o f  t h e s e  r e s u l t s  a r e  d i s c u s s e d  i n  S e c t i o n  I I ,  i n  w h ic h  t h e  p r e s e n c e  o f
t h e  s t r u c t u r e  h a s  b e e n  e s t a b l i s h e d  a t  3 1 8  lceV. . I n  o r d e r  t o  c h e c k  t h e
v a l i d i t y  o f  t h e  r e s u l t s  o b t a i n e d  f ro m  t h i s  e x p e r im e n t#  i t  w as 
*r
n e c e s s a r y  t o  o b t a i n  a n  a v e r a g e  f i s s i o n  c u r v e  a n d  co m p are  i t  w i t h  t h e  
o n ly  v a l u e s  a v a i l a b l e  fro m  L a m p h e re * s  r e f *  (1 * 2 ) r e s u l t s * .  S e c t i o n  I  
d e a l s  w i t h  th e  a v e r a g e  f i s s i o n  c r o s s  s e c t i o n  c u r v e s .  Some h i n t s
CHAPTER 9
» THE RESULTS
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T a b le  4 ( c o n td . )
n
(keV ) 
1105+ 29 
1127+26 
1147+28 
1169+32 
1188+29 
1206+32 
1224+31 
1246+31 
1265+31 
1286+32 
1304+31 
1326+32 
1.400 
1.500 
1 .6 0 0  
1.700 
1 .8 0 0  . 
1.900- 
2.000 
2.100.. 
2.200 
2.300 
2.400 
2.500
E
(U2^ )  
1 .1 8  
1.20 
1.21 
1.21 
1.22 
1 .2 3  
1.22 
1.22 
1 .2 5  
U 2 5  
4  . 24 ... 
1 . 2 7 .  
1 .3 0  
1 .3 5  
1 .4 4
1 .5 0
1 .5 4
1 .5 5  
1 .5 3  •'
1 .5 1  
1.50
1 .4 8
1 .4 9
EP e r c e n t  c o u n t in g  n  
s t a t i s t i c s  (k eV )
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.8
1.0
1.0
Unknown
2.600
2.700
2 .8 0 0
.2 .9 0 0
3.000-
3.100
3.200
3 .3 0 0
3 .4 0 0
3 .5 0 0
3 .6 0 0
.3 . 7OO
3 .8 0 0
3 .9 0 0
4.000
f
(U254)
1 .5 0
1 .5 1
1.52
1 .5 2
1 .5 3
1 .5 3
1 .5 3
1 .5 2  .
1 .5 2  
1 .5 1
1 *'5.0 -• 
1.50
1 .4 9
1 .4 8
P e r c e n t  c o u n t in g  
s t a t i s t i c s
Unknown
»»
T a b le  4
n
(keV ) (U234)
P e r c e n t  c o u n t in g  n  
s t a t i s t i c s  (keV )
f
(U2 3 4 )
P e r c e n t  c o u n  
s t a t i s t i c s
186+14 0 .0 4 5 • 6 . 8 606+13 0 .7 7 3 1.1
211+14 0 . 0 5 0 6 . 2 637+32 0 .7 9 8 1 .1
235+14 0 . 0 5 9 5 . 3 656+ 32 0 . 8 7 0 1.1
258+14 0 .0 6 7 4 . 6 675+ 32 0 . 8 9 7 1 .1
280+14 0 .0 9 3 2 . 5 692+32 0 .9 7 6 1 . 0
302+ 14 0 .1 3 8 1 . 9 711+33 0 .9 8 5 1 . 0
325+ 14 0 .1 6 0 1 . 8 730+33 1 .0 7 1 . 0
348+14 0 . 1 5 4 1 . 8 750+32 1 .1 1 0 . 7
369+ 14 0 .1 8 6 1 . 6 773+ 30 1 . 1 9 0 .6
390+14 0 .2 3 1 1 .4 790+32 1 .2 3 1 . 0
412+14 0 . 2 7  6 1 . 3 810+26 1 .2 5 0 . 7
433+14 0 . 3 3 8 1 .1 830+31 1 .2 5 1 . 0
455+14 0 .4 1 5 1.1 848+26 1 .2 4 0 . 7
476+14 0 .4 5 9 1 . 0 868+31 1 .2 5 1 . 0
487+14 0 .4 8 1 1 . 3 888+25 1 .2 3 1 . 0
498+14 0 .5 3 5 0 . 9 907+30 1 .1 8 1 . 0
509+ 14 0 .5 6 4 1 .3 925+25 1 .1 5 1 . 0
520+13 0 .6 3 3 0 . 9 945+30 1 .1 5 1 . 0
531+13 0 . 6 5 9 1 . 2 965+24 1 .1 4 1 . 0
542+13 0 .7 1 1 0 . 9 986+30 1 . 1 0 1 . 0
553+ 13 0 .7 1 0 1 . 2 1003+27 1 .1 2 1 . 0
563+13 0 .7 2 6 0 . 8 1025+29 1 . 0 7 1 . 0
574+13 0 .7 3 0 1.1 1041+27 1 . 0 9 1 . 0
584+13 0 . 7 5 4 0 . 8 1066+29 1 .1 2 1 . 0
595+ 13 0 .7 6 8 1 .1 1083+26 1 .1 5 1 . 0
T h is  t a b l e  i s  re p ro d u c e d  from  R e f. 1»2.
N E U T R O N  E N E R G Y  (keV)
FIG.  9 1  T O T A L  N E U T R O N  I N D U C E D ' F I S S I O N  C R O S S -  
S E C T I O N  R E P R O D U C E D  F R O M  L A M P H E R E ' s  C U R V E  
F R O M  REF. 12- .
o f  t h e  b r e a k s  i n  t h e  f i s s i o n  c r o s s  s e c t i o n  a t  e n e r g i e s  o t h e r  th a n  
325 keV h a v e  a l s o  b e e n  o b s e r v e d ,  S u m m a riz in g , t h e  f o l l o w i n g  o b j e c t i v e s  
h a v e  b e e n  a c h ie v e d  f ro m  t h e  m e a s u re m e n ts  o f  t h i s  e x p e r im e n t ,
a • <
1 . The e x i s t e n c e  o f  a  b r o a d  maximum, f i r s t  o b s e r v e d  by L am p h ere  a t  
325 keV , h a s  b e e n  c o n f i r m e d  a n d  i s  fo u n d  t o  b e  c e n t r e d  a t  318  keV .
2 ,  T he e v id e n c e  o f  t h e  n a r ro w  i n t e r m e d i a t e  s t r u c t u r e  a s s o c i a t e d  
w i t h  t h e  v i b r a t i o n a l  l e v e l  h a s  b e e n  e s t a b l i s h e d  ( s e c t i o n  I i ) ,  
f o r  t h e  f i r s t  t im e  a t  31 8  keV .
. 3* Some b r e a k s  i n  t h e  f i s s i o n  c r o s s  s e c t i o n  h a s  b e e n  a l s o  o b s e r v e d
a t  e n e r g i e s  h i g h e r  t h a n  325 keV .
4 . A h i n t  o f  a n o t h e r  b r o a d  maximum a t  216 keV i s  o b s e r v e d  i n  t h e
a v e r a g e  f i s s i o n  c r o s s  s e c t i o n  c u r v e ,
SECTION I
9 .2 .1  L a m p h e re 1s  c u rv e
F o r  t h e  s a k e  o f  c o m p a r is o n ,  t h e  f i s s i o n  c r o s s  s e c t i o n  c u r v e  
o b ta in e d  b y  L am p h ere  r e f .  J l . 2 )  h a s  b een  r e p r o d u c e d  i n  f i g .  ( 9 ° 1 ) .
V
The v a l u e s  o f  t h e  f i s s i o n  c r o s s  s e c t i o n ,  w i t h  s t a t i s t i c a l  e r r o r s ,  
a n d  e n e r g y  r e s o l u t i o n ,  f o r  t h i s  c u r v e  a r e  g iv e n  i n  T a b le  ( 4 ) 
r e f .  ( 1 . 2 ) .  T he r e g i o n  o f  i n t e r e s t  i s  t h e  s m a l l  maximum 
i n d i c a t e d  a t  325  k eV .
9 . 2 . 2  The A v e ra g e  F i s s i o n  C ro s s  'S e c t i o n  C u rv e
T he v a l u e s  o f  t h e  f i s s i o n  c r o s s  s e c t i o n  o b t a i n e d  h a v e  b e e n  
p l o t t e d  t o  y i e l d  a n  e n e rg y  d e p e n d e n t  a v e r a g e  f i s s i o n  c r o s s  s e c t i o n  
c u r v e ,  show n i n  f i g .  9 * 2 , b y  c i r c u l a r  a n d  t r i a n g u l a r  p o i n t s .
Above 4 0 0  lceV, t h e  c i r c u l a r  p o i n t s  c o r r e s p o n d  t o '5 Xt i m i n g  
c h a n n e l s ,  w h e re  a s  b e lo w  4 0 0  keV th e  t r i a n g u l a r  p o i n t s  i n d i c a t e  
d a t a  summed o v e r  50  t im in g  c h a n n e l s .  T a b le  ( 5 ) g i v e s  t h e  v a l u e s
Q < o f (XI2 5 4 ) ( b ) dc/f (h ) R < v (u 2 5 5 :
3 .8 7 0 1 .4 3 0 .0 3 1 4 .5 6 + - 100 1 .1 1 0
4 .1 0 0 1 .4 9 0 .0 3 4 4 .8 1 + . 1 1 0 . 1 .0 8 0
4 .3 7 0 1 .4 2 0 .0 3 4 4 . 6 3 ±  *110 1 .0 7 0
4 .6 5 0 1 .3 8 0 .0 3 5 4 .5 9 t  ‘ 11° 1 .0 5 0
4 .9 8 0 1 .3 5 0 .0 3 5 4 .5 3 + .1 1 0 1 .0 4 0
5 .3 3 0 1 .3 6 O.O36 4 .5 9 t  ' 123 1 . 0 4 0
5 -7 1 0 1 .3 6 4 0 .0 3 6 4 .4 6 + .1 2 0 1 .0 7
6 .1 5 0 1 -3 5 8 0 .0 3 4 4 .1 4 + .1 0 9 1 .1 0
-x-
V a lu e s o f  o f ( u 2 ^ 5 ) t a k e n  f ro m  r e f . ( 9 . 5 )
R+ i s  t h e  r a t i o . o f  
5 c h a n n e l s .
c o u n t s  o f TJ234 a n d  U235 f i s s i o n
T a b le  5 ( C o n id .)
En (MeV) of (u 234) ( b )  dcrf (b ) E+ g£ (n 255) ( b )
1 .2 8 3 1 .2 6 0 .0 2 7 3 .4 4 + .0 7 4 1.28-.,
1 .3 2 7 1 .2 9 0 .0 2 7 3 .5 0 + .0 7 4 1 .2 8 0
1 .3 7 4 1 .3 5 0 .0 2 9 3 .6 8 £ .0 7 9 1 .2 8 5
1 .4 2 4 1 .3 0 . 0 .0 2 7 3 .5 1 + .0 7 3 1 .3 0 5
1 .4 7 6 1 .4 1 0 0 .0 2 7 3 .7 8 .0 7 7 1 .3 0
1 .531 1 .4 4 0 .0 2 8 3 .8 0 £ .0 7 8 1 .3 1
1 .5 9 0 1 .4 7 0 .0 2 9 3 .9 0 + .0 7 8 . 1 .3 2
1 .651 1 .5 4 0 .0 2 9 4 .0 5 + .0 8 0 1 .3 3
1 .7 1 7 1 . 6 1 0 .0 3 0 4 .1 6 + .0 8 4 1 .3 5
1 .7 8 6 1 .5 7  ■ 0 .0 3 2 4 .O 4 + .0 7 9 1 .3 6
1 .8 6 0 1 .6 7 0 .0 3 0 4 .3 2 + .0 8 4 1 .3 5
1 .9 3 8 1 . 6 3  . 0 .0 3 2 4 .2 7 £ .0 8 4 .. 1 .3 3
2 .0 2 2 1 .5 1 0 .0 3 2 4 -1 5 + .081 1 . 3 2 0
2 .1 1 1 1 .6 3 0 .0 2 9 4 .3 9 + .0 8 7 1 .2 9 9
2 .2 0 6 1 .5 3 0 .0 3 2 4 .1 6 H* .0 8 2 . 1 ,2 8 5
2 .3 0 8 1 .5 3 0 .0 3 1 4 .2 0 •(* .0 8 3 1 .2 7 5
2 .4 1 6 1 .5 6 0 .0 3 0 4 .3 6 Hr .0 8 6 1 .2 4 0
2 .5 3 3 1 .4 9 0 .0 3 0 4 .2 9 + .0 8 6 1 .2 2
2 .6 5 9 1 .5 3 0 .0 3 1 4 • 43 + .0 9 0 .1 .2 0
2 .7 9 3 1 .4 8 0 .0 2 9 4 .2 9 £ .0 8 5 1 .1 9 5
2 .9 3 9 1 .4 6 0 .0 2 9 4 .3 7 £ .0 8 9 1 .1 7 0
3 .0 9 6 1 .5 2 0 .0 3 1 4 .5 4 + .0 9 4 1 .1 7 0
3 -2 6 6 1 .5 6 0 .0 3 3 4 .6 9 + .1 0 0 1 .1 7 0
3 -4 5 0 1 .5 1 0o033 4 .6 1 + .1 0 0 1 .1 4 0
3 .6 5 0 1 .4 9 0 .0 3 2 4 .5 8 + .1 0 0 1 .1 3 0
T ab le . 5 (C o n td .)
En (HeV) a f (XI2 3 4 ) ( b ) dcfjh)
X .
R 1'
0 ,6 3 8 7 0.746 0.023 2 . 3 3 + .0 7 3 1 .1 2 1
0 .6 5 4 3 0 .8 5 3 0.023 2 . 3 3 + .0 7 2 1 .1 2 5
0 .6 7 0 4 0 .8 8 2 0.027 2 .6 5 +
K
\
COO• 1 .1 3 0
0 .6 8 7 3 0 .9 2 5 0 .0 2 6 2 .7 3 + .0 8 2 1 .1 4 0
0 .7 0 4 6 1 .0 2 3 0 .0 2 6 2 .8 4 + . 0 8 2 1 .1 4 0
0 .7 2 2 6 1 .0 5 0 0 . 0 2 9 3 .1 6 + .0 8 9 1 .1 4 5
0 .7 4 1 5 1 .1 0 0 0 .0 2 9 3 - 2 2 + . 0 9 1.1-50
0 .7 6 0 8 1 ;2 7 6 0 .0 2 9 3 . 3 5 + . 0 8 9 1 .1 5 8
0 .7 8 1 0 1 .3 6 0 O.O33 3 . 8 7 + . 1 0 0 1 .1 6 0
0 .8 0 2 3 1 .3 2 0 0 .0 3 7 4 . 1 0 + . 1 1 0 1 .1 7 0
0 .8 2 4 2 1 .2 7 0 O.O36 3 . 9 7 + .1 0 9 1 . 180
0 .8 4 7 2 1 .3 0 5 0 .0 3 3 3 . 7 7 + . 0 9 8 1 .1 8 5
0 .8 7 0 9 1 .3 0 0 0 . 0 3 4 3 -8 5 + . 0 9 9 1 .2 0 0
0 .8 9 5 8 1 .2 3 0 0 .0 3 5 3 . 8 0 + 0 0 LO —■
3 1 .2 0 5
0 .9 2 1 6 1 .1 7 0 0.030 3 . 5 9 - + .0 8 8 1 .2 2 0
0 .9 4 8 7 1 .111 0 .0 2 6 3 - 1 9 + . 0 7 5 1 .2 2 0
0 .9 7 7 0 1 .1 2 0 0 .0 2 5 3 -1 4 + . 0 7 3 1 .2 4 0
1 .0 0 6 1 .0 3 0 0 .0 2 4 2 . 9 + .0 6 7 1 .2 5 0
1 .0 4 0 1 .0 6 0 0 .0 2 5 2 . 9 4 + .0 6 9 1 .2 6 0
1 .0 7 0 1 .1 5 8 *0.026 3 . 1 9 + .0 7 3 1 .2 7 0
1 .1 0 4 1 .2 0 3 0 .0 2 7 3 . 3 0 + . 0 7 4 1 .2 7 5
1 .1 3 9
0K
\
O
• 0 .0 2 8 3 .4 6 + . 0 7 9 1 .2 8 0
1 .1 7 7 1 .2 6 0 0 .0 2 7 3 - 2 9 + . 0 7 4 1 .2 8 0
1 .1 9 9 1 .2 4 2 0 .0 2 6 3 - 3 8 t .0 7 3 1 . 2 8
1 .2 4 0 1 .2 6 0 .0 2 7 3 .4 3 + .0 7 4 1 .2 8
T ab le  5
En (MeV) crf (D234) ( b )  ddf (b ) R+ gfV 35)(b)
0 .1 7 6 0 0 .0 3 8 0 .0 1 2 .0 9 3 9 +  .0 7 3 1.41
0 .2 0 1 0 0 .0 5 1 0 .0 2 2 0 .1 3 2 2 +  .0 5 8 1 .3 7
0 .2 3 1 0 0 .0 6 3 0 .0 1 7 0 .1 6 6 3 +  .0 4 5 1 . 3 3
0 .2 6 9 0 0.070 0 .0 1 4 0 .1 8 8 2 +  .0 3 8 1 .2 9
0 .3 1 6 0 0 .1 5 1 0 .0 0 9 0 .4 1 6 0 +  .021 1 .26
0 .3 7 8 0 0 .1 9 6 0 .0 0 6 0 .5 6 3 9 +  .0 1 9 1 .2 2
0 . 4 2 4 0 0 .261 0 .0 1 1 . 7 7 4  + .0 4 4 1 .1 8 0
0 .4 3 2 7 0 . 2 7 9 0 .0 1 4 0 .7 7 5 + .0 4 4 1 .1 8 0
0 .4 4 1 2 0 . 2 7  6 0 .0 1 5 0.830  + .046 1 .1 7 3
0 .4 5 0 0 0 .2 5 8 0 .0 1 5 0.820  + .046 1 .1 7 0
0 .4 5 9 0 0 .3 4 4 0 .0 13 0 . 7 7 0  + . 0 4 0 1 .1 6 5
0 .4 6 8 5 0 .4 0 6 0 .0 1 6 1 .0 3 + .0 5 0 1 .151
0 .4 7 8 5 0 .4 0 8  ■ 0 .0 1 8 1 .2 3 + .0 5 6 1 .1 4 5
0 .4 8 8 5 0 .4 2 1 0 .0 1 7 1 .2 5 + .0 5 4 1 .1 4 2
0 .4 9 8 5 0 .4 5 9 0 .0 1 7 1 . 2 9 + .0 5 4 1 .1 4 0
0 .5 0 9 5 0 .4 8 7 0 .0 1 8 1 . 4 0 + . 0 5 8 1 .1 3 0
0 .5 2 0 5 0 . 5 0 8 0 .0 1 9 1 .5 0 + • 0 6 0 1 .1 2 5
0 .5 3 2 0 0 . 5 0 9 0 . 0 1 8 1 .5 8 + .0 5 9 1.121
0 .5 4 3 7 0 .6 0 8 0 .0 1 8 1 . 5 9 + .0 5 8 1 . 1 2 0
0 .5 5 6 2 0 .6 1 3 0 .0 2 1 1 . 9 0 + .0 6 7 1 .1 1 9
0 .5 6 8 6 0 .6 2 9 0 .0 2 0 1 .9 2 + . 065 1 .1 1 7
0 . 5 8 1 8 O.646 0 .0 2 1 1 .9 7 + .0 6 7 1 .1 1 4
0 .5 9 5 2 0 .6 7 2 0 .0 2 2 2 . 0 3 + .0 7 0 1 .1 1 5
0 .6 0 9 1 0 .6 6 7 0 .0 2 2 2 .1 1 + .0 6 9 1 .1 1 7
0 .6 2 3 8 0 .7 4 5 0 .0 2 3 2 . 0 9 + .065 1 .1 2 0
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° f  o f  ( u 2 5 4 ) o b t a i n e d  f o r  t h e  e n e r g y  r a n g e  18 0  keV  t o  6 MeV. I n
th e  t a b l e  f i r s t  s i x  f i g u r e s  g i v e  t h e  d a t a  f o r  t h e  t r i a n g u l a r
p o i n t s ,  a n d  R,, r e p r e s e n t s  t h e  r a t i o  o f  f i s s i o n  c o u n t s  o b s e r v e d  
234 235
fro m  U a n d  U f o i l s ,  t a k e n  o v e r  5 t i m i n g  c h a n n e l s .  The 
b a r s  i n  f i g .  ( 9 . 2 )  r e p r e s e n t  t h e  s t a t i s t i c a l  a c c u r a c y  i n  t h e  
e n e rg y  r e g i o n .
234-I n  e v a l u a t i n g  t h e  r e l a t i v e  f i s s i o n  c r o s s  s e c t i o n  o f  U , 
E q u a t io n  ( 2 . 2 ) ,  p . 1 6 , h a s  b e e n  u s e d .  The v a l u e s  o f  o^C u2 3 3 ) h a v e  
b e e n  t a k e n  b y  i n t e r p o l a t i o n  f r o m 'a  r e c e n t  e v a l u a t i o n  ( r e f .  9 * 5 ) 
made b y  S ow erby  an d  P a t r i c k .  T he d a t a  p o i n t s  w e re  n o r m a l iz e d  
w i th  L a m p h e re 1s  ( r e f .  1 .2 )  v a l u e s  o f  IF234 o ( n , f )  b e tw e e n  1 .0 0 3  to
1 .3  MeV. The a r e a  u n d e r  t h e  f i s s i o n  c r o s s  s e c t i o n  c u r v e  i n  t h i s  
r e g i o n ,  i . e .  t h e  q u a n t i t y  ( £  d s )  h a s  b e e n  c a l c u l a t e d  t o  b e  
374*7 b e v  + 16 b e v ,  a n d  t h e  n o r m a l i z a t i o n  f a c t o r  i s  c a l c u l a t e d  t o  ' 
b e  0 .2 8 6 .  F i g .  (9 .» 2 )~ (a )  c o m p a re s  th e  p r e s e n t  r e s u l t s  w i t h  t h o s e  
o f  L a m p h e re 's  ( r e f .  1 . 2 ) .  The c o m p a r is o n  c l e a r l y  show s d i s c r e p a n c i e s  
i n  t h e  r e g i o n  a ro u n d  4 2 0  lceV, b e tw e e n  5 0 0 -6 0 0  k eV , a n d  a b o v e  1 MeV.
I t  i s  w o r th  m e n t io n in g  t h a t  t h e  v a l u e s  o f  U233 d ( n , f )  c o n s i d e r e d  
b y  L am phere  i n  e v a l u a t i n g  o ^ ( u 2 3 4 ) a r e  n o t  t h e  sam e a s  th o s e  
c o n s i d e r e d  i n  t h e  p r e s e n t  e v a l u a t i o n  w h ic h  w e re  t a k e n  fro m  r e f .
( 9 . 5 ) .  F i g .  ( 9 .3 )  an d  f i g .  ( 9 . 3 ) - ( a )  show  t h e  c o m p a r is o n  i n  m ore 
d e t a i l .  L a m p h e re 1s  d a t a  i s  show n b y  c r o s s e s  i n  f i g .  ( 9 .3 ) * - ( a ) .
The m o s t s i g n i f i c a n t  d e p a r t u r e  o f  v^\ 23 /  o c c u r s  b e tw e e n  4 0 0  a n d  
6 0 0  keV , a l t h o u g h  t h i s  r e g i o n  o f  d i s c r e p a n c y ,  t h e  tw o  v a l u e s  o f  
of (u 2 3 3 ) t a k e n  fro m  r e f .  ( 9 . 5 )  a n d  L a m p h e re * s  d a t a  s e t  d i f f e r  
b y  a b o u t  9,% • T h i s  i n d i c a t e s  t h a t  t h e r e  i s  a  g e n u in e  d e v i a t i o n  i n  
t h i s  e n e rg y  r a n g e  b e tw e e n  t h e  tw o  d a t a  s e t s .  I t  i s  o b v io u s  t h a t
-  56
T a b le  6
T r i a n g u l a r  P o i n t s  o n  G ra p h  i n  f i g #  ( 9 # 2 )
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L a m p h e r e * s  d a t a  a l s o  show , som e g r o s s  s t r u c t u r e  a s  d o e s  t h e  
p r e s e n t  d a t a  ( f i g .  9 . 4 - c ) .  (L a m p h e re  m a k e s  n o  com m e n t o n  t h i s  
s t r u c t u r e  i n  h i s  p a p e r ) .  I t  i s  w o r t h  e m p h a s iz in g  h o w e v e r ,  t h a t  
a t  t h e  m o s t  s i g n i f i c a n t  e n e r g y  r e g i o n  a r o u n d  3 2 5  k e V ,  w h e r e  t h e  
a n a l y s i s  f o r  s e a r c h  o f  som e s t r u c t u r e  h a s  b e e n  c a r r i e d  o u t ,  t h e r e  
a r e  n o  o b v io u s  s ig n s  o f  d i s c r e p a n c i e s  b e tw e e n  t h e s e  r e s u l t s  a n d  
L a m p h e r e * s  r e s u l t s ,  a n d  b o t h  d a t a  sh o w  a  b r o a d  r e s o n a n c e  a t  
Ay 3 2 5  k e V .  ( S e c t i o n  9 . 5 . 1 ) .  On t h e  b a s i s  o f  t h e  d e v i a t i o n  b e tw e e n  
t h e  tw o  d a t a  s e t s  t h e  p o s s i b i l i t y  o f  som e t im e  d e p e n d e n t  b a c k ­
g r o u n d  c a n n o t  b e  r u l e d  o u t .  U n f o r t u n a t e l y  t im e  c o n s id e r a t i o n s  
p r e c lu d e d  a n  e x p e r im e n t a l  i n v e s t i g a t i o n  o f  t h i s  p r o b le m ,  a n d  a l l  
t h e  r u n n in g  t im e  w a s  d e v o t e d  t o  im p r o v in g  t h e  s t a t i s t i c s  i n  t h e  
r e g io n  o f  t h e  b r e a k  a t  3 2 5  k e V .  H o w e v e r  f o r  t im e  d e p e n d e n t  b a c k ­
g r o u n d  t o  b e  im p o r t a n t  i n  t h e  c o n t e x t  o f  t h i s  i n v e s t i g a t i o n  i t  
w o u ld  h a v e  t o  h a v e  s t r u c t u r e  a n d  p h y s i c a l l y  t h i s  i s  m o s t  l i k e l y  
t o  b e  c a u s e d  b y  m u l t i p l e  s c a t t e r i n g  e f f e c t s .  A n  e s t im a t e  i s  m ade 
o f  t h e s e  b e lo w .  T h e  f i s s i o n  d e t e c t o r s  w e r e  s u r r o u n d e d  b y  ( i )  0 . 6  cm
t h i c k  a lu m in iu m  h o l d e r  d i s c ,  11*5 cm i n  d i a m e t e r ,  ( i i )  0.1 cm t h i c k  
2 8
b u l k  o f  S i  i n  t h e  d e t e c t o r ,  ^  3  cm i n  d i a m e t e r ,  a n d  ( i i i )  0 . 0 5  cm 
t h i c k  i r o n  r im  ^ 3-3  cm d ia m e t e r  a s  t h e  e n c a s in g  o f  t h e  d e t e c t o r s .
C o n s id e r in g  t h e  l a r g e  r e s o n a n c e s  i n  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  
2 8
i n  S i  a t  2 0 0  k e V  a n d  5 7 0  lc e Y , t h e  in c r e a s e  i n  f i s s i o n  c r o s s
2 8
s e c t i o n  d u e  t o  s c a t t e r i n g  f r o m  S i  i s  c a l c u l a t e d  t o  b e  ^  1 % 9 
a t  t h e s e  e n e r g ie s .  T h e  c o n t r i b u t i o n  d u e  t o  s c a t t e r i n g  f r o m  
a lu m in iu m  a n d  i r o n  r i m  i s  a / 2 . 4  x  l O * " ^  a n d  i s  ig n o r e d .  I t  se e m s  
t h a t  t h e  d i s c r e p a n c i e s  m e n t io n e d  a b o v e  c a n n o t  b e  d u e  t o  b a c k g r o u n d  
f r o m  m u l t i p l e  s c a t t e r i n g .
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Table 7 (Contd.)
E ( k e V ) g f (b >  • • • E ( k e V ) g f (t> )
1 9 4 .6 0 . 0 1 7  + . 0 . 0 1 2 183.8 0.026 +  0.016
1 9 4 .1 0 .0 4 9  +  0 .0 2 3 1 8 3 -3 0 . 0 4 3  +  0.022
1 9 3 .6 0 .1 1 2  +  0 .0 3 7 1 8 2 .9 0.042 +  0.020
1 9 3 .1 0.062 +  0 . 0 2 8 1 8 2 .4 0.058 +  0.023
1 9 2 .6 0 . 0 4 0  +  0 .0 1 7 181 . 9 0 . 0 2 8  +  0 . 0 1 7
1 9 2 .1 0 . 0 2 7  +  0.016 1 8 1 .6 0 .0 9 1  +  0.040
1 9 1 .6 0 .0 2 6  +  0.016 1 8 0 .9 0 .0 7 1  +  0 . 0 2 9
1 9 1 .2 O .O 63 +  0.024
1 9 0 .7 0 .0 3 4  +  0 . 0 1 8
190.2 0 . 0 2 4  +  0 .0 1 4
1 8 9 .7 0 . 0 3 5  +  0.018
1 8 9 .2 0.052 +  0.022
1 8 8 .7 0 .0 4 6  +  0 .0 2 4
1 8 8 .2 0 .0 7 4  +  0 .0 3 2 !>
1 8 7 .7 0 .0 2 3  +  0 .0 1 4
1 8 7 .4 0 .0 2 5  +  0 .0 1 5
1 8 6 .8 0 .0 3 3  +  0 . 0 1 7
1 8 6 .3 0 . 0 0 8  +  0.009
185.8 0 .0 2 4  +  0 . 0 1 4
1 8 5 .3 0 . 0 4 9  +  0.021
184.8 0 .0 3 5  +  0.021
1 8 4 .3 0 .0 5 3  +  0 .0 2 3
Table 7 (Contd.)
E (keV) crf(b) E (keV) af(b)
2 2 0 . 7 0 .0 9 1 + 0.0 2 8
2 2 0 . 2 0 . 0 4 8 + 0.019
2 1 9 . 5 0 .0 7 3 + 0.027
2 1 9 - 0 0 . 0 2 8 +■ 0 . 013
2 1 8 . 3 O .O 38 + 0.021
2 1 7 . 5 0 .0 9 2 + 0.0 2 9
2 1 7 . 0 0 . 0 5 2 + 0.0 2 2
2 1 6 . 3 0 . 0 6 9 + 0.0 2 4
2 1 5 . 8 0 . 0 5 0 + 0.0 2 0
2 1 5 . 3 0 .0 5 2 ,+ 0.0 2 2
2 1 4 . 6 0 .0 5 8 + 0.023
2 1 4 . 1 0 . 0 3 4 + 0.016
2 1 3 . 4 0 .0 5 2 + 0.0 2 2
2 1 2 . 9 0 .0 1 6 + 0.011
2 1 2 . 1 0 .0 7 3 + 0.0 2 7
2 1 1 . 7 0 .0 6 5 + 0.0 2 2
2 1 1 . 2 0 . 0 6 9 + 0.02 5
2 1 0 . 5 0 . 0 4 9 + 0.021
2 0 9 . 8 0 . 0 5 8 + Oo0 2 4
2 0 9 . 5 0.030 + 0.0 1 8
ro o CD « 7 0 .0 7 6 + 0.026
2 0 8 . 2 0 .0 4 8 + 0o 0 2 2
2 0 7 . 8 0 .0 7 5 + 0 . 0 2 7
207.0 0 . 0 2 4 + 0 . 0 1 4
2 0 6 .5 0 .0 5 3 + 0.020
2 0 6 . 0 0.016 + 0.011
2 0 5 .3 .O .O 64 + 0 .0 2 4
204.8 0.078 + 0.026
2 0 4 . 4 0 .0 9 3 + 0.032
2 0 3 . 9 0 . 0 5 4 + 0.020
2 0 3 .1 0 .0 3 2 + 0 . 0 1 9
202.6 0 .0 5 1 + 0.020
202.1 0 . 0 6 7 + 0.022
2 0 1 . 7 0 .0 2 4 + 0.012
2 0 0 . 9 0.102 + O . O 36
2 0 0 . 4
LT\
r-000 + 0 . 0 2 7
1 9 9 .9 0 .0 1 4 + 0.01
1 9 9 .5 0 .0 0 8 + 0 . 0 0 8
1 9 9 . 0 0 .0 4 4 + 0 . 0 1 9
1 9 8 .2 0.076 + 0 .0 2 5
1 9 7 .7 0 .0 5 5 + 0.022
1 9 7 .3 0 . 0 6 9 + 0 . 0 2 4
196.8 0 . 0 3 4 + 0 . 0 1 8
1 9 6 .3 0 .0 1 7 + 0.012
1 9 5 .8 0 • 0 Vj
J
—
0 + 0 . 0 1 7
1 9 5 .3 0 . 0 2 9 + 0 .0 1 7
T a b le  7  ( c o n t d . )
E (kaV) fff (b) .E (keV) <rf (b)
2 5 3 . 9 0 .0 6 5 + 0 . 0 1 8 2 3 6 .3 0 . 0 7 0 + 0 .0 1 3
2 5 3 . 2 0 .0 7 0 + 0 . 0 2 0 2 3 5 . 8 0.03 8 + 0 .0 1 3
2 5 2 .2 0 . 0 3 7 + 0 . 0 1 4 2 3 5 .1 0 .0 9 5 + 0 . 0 2 4
2 5 1 .5 0 . 0 4 3 + 0.016 2 3 4 - 4 0 . 0 6 0 + 0 .0 2 1
2 5 0 . 8 0 . 0 4 9 + 0 .0 1 5 2 3 3 .6 0 .1 1 8 + 0 . 0 3 2
2 5 0 . 0 0 .  OS6 + 0 . 0 1 9 2 3 2 . 9 0 . 0 4 0 + 0 .0 1 6
2 4 9 . 3 0 . 0 4 8 + 0 .0 1 6 2 3 2 .4 0 .0 8 3 + 0 .0 2 3
2 4 8 .5 0.030 + 0 . 0 1 3 2 3 1 . 7 0 . 0 5 8 + 0 . 0 1 9
2 4 7 . 8 0 .0 5 1 + 0 .0 1 6 2 3 0 . 9 0 . 0 7 7 + 0 . 0 2 3
2 4 7 . 0 0.030 + 0 .0 1 2 2 3 0 .2 0 . 1 1 8 + 0 . 0 3 4
2 4 6 . 4 0 .0 5 5 + 0 . 0 1 8 2 2 9 .7 0.050 + 0 . 0 1 9
2 4 5 .6 0 .0 9 3 + 0 .0 2 4 2 2 9 . 0 0 . 0  66 + 0 .0 2 2
2 4 4 . 8 0 . 0 8 0 + 0 .0 2 3 2 2 8 . 3 0 .0 5 3 + 0 . 0 2 0
2 4 4 .1 0 .0 8 1 + 0 . 0 2 4 2 2 7 . 8 0 .0 6 5 + 0 .0 2 1
2 4 3 . 4 0 . 0 6 8 + 0 .0 2 1 2 2 7 . 0 0 .0 9 5 0 .0 2 6
2 4 2 . 7 0 .0 4 1 + 0 . 0 1 4 2 2 6 . 3 0 .0 8 6 + 0 ,0 2 6
2 4 1 . 9 0 . 1 1 0 + 0 . 0 2 9 2 2 5 . 8 0 .0 7 5 + 0 . 0 2 4
2 4 1 .2 0 .0 9 1 + 0 . 0 2 8 2 2 5 .1 0 . 0 2 9 + 0 .0 1 2
2 4 0 .7 0 .0 4 0 + 0 . 0 1 4 2 2 4 .4 0 . 0 4 9 + 0 . 0 1 9
2 4 0 . 0 0 . 0 8 0 + 0 .0 2 3 2 2 3 . 9 0 . 0 4 9 + 0 . 0 1 8
2 3 9 .2 0 .0 4 3 + 0 .0 1 5 2 2 3 -1 0 .0 2 5 + 0 .0 1 1
2 3 8 .5 0 . 0 8 0 + 0.023 2 2 2 . 7 0 .0 8 1 + 0 . 0 2 8
2 3 7 . 8 0 . 0 8 3 + 0 .0 2 5 221 . 9 0 . 0 7 2 + 0 .0 2 3
2 3 7 . 0 0 . 0 4 0 + 0 .0 1 6 2 2 1 .5 0 .0 4 3 0 . 0 1 7
T a b l< * ! 7  ( C o n t d . )
E ( k e V ) a f ( b ) E ( lc o V ) o ^ C b )
2 3 6 . 9 0 . 1 2 7  +  0.026 2 7 4 . 2 0 . 1 0 3  +  0 .0 2 3
'2 9 5 - 9 0.076 +  0.020 2 7 3 . 2 0 .1 1 3  +  0 . 0 2 4
2 9 4 . 9 0 . 0 7 3  +  0 .0 1 9 2 7 2 . 5 0 . 0 7 4  +  0.018
2 9 4 . 2 0 . 0 9 9  +  0 . 0 2 4 2 7 1 .5 0 . 0 7 3  +  0 . 0 1 8
2 9 3 .2 0 . 0 8 0  +  0.020 2 7 0 . 7 0 .0 7 4  +  0 . 0 1 8
2 9 2 . 2 0 .0 8 5  +  0 . 0 2 4 269.8 0 o 0 5 0  +  0 .0 1 5
2 9 1 .3 0 .1 5 1  .+ 0 . 0 3 4 269.0 O .O 36 +  0.012
2 9 0 . 3 0 . 0 9 9  +  0 .0 2 4 268.3 O .O 63 +  0 . 0 1 8
2 8 9 - 3 0 .0 9 5  +  0 .0 2 4 2 6 7 . 3 0.058 +  0 . 0 1 7
2 8 8 .3 0 . 1 6 3  +  0 . 0 3 4 . 2 6 6 .6 0.056 +  0 .0 1 5
2 8 7 .6 0 . 1 6 2  +  0 .0 3 5 2 6 5 .6 0 . 0 6 7  +  0 . 0 1 8
2 8 6 . 6 0 .1 2 5  +  0 . 0 2 8 2 6 4 . 9 0.072 +  0 . 0 1 8
2 8 5 .6 0 . 1 0 4  +  0 .0 2 9 2 6 4 . 2 0 .110  +  0 . 0 2 4
2 8 4  c 7 0 . 1 3 7  +  0 . 0 2 7 263.2 0 . 1 1 3  +  0 .0 2 3
2 8 3 . 9 0 .1 0 6  +  0.030 2 6 2 .4 0 . 0 7 4  +  0 . 0 1 8
2 8 3 . 0 0 .1 1 2  +  0 .0 2 5 2 6 1 .7 0 . 0 7 4  +  0.020
2 8 2 . 0 0.103 +  ‘ 0 . 0 2 8 2 6 1 . 0 O .O 83 +  0 .0 2 1
2 8 1 .2 0 .1 3 5  +  0 .0 2 5 2 6 0 . 0 0 .0 7 5  +  0.020
2 8 0 . 3 0 .1 0 2  +  0 . 0 2 9 2 5 9 . 3 0 . 0 5 7  +  0 . 0 1 9
2 7 9 .3 0 .0 9 3  +  0 .0 2 5 2 5 8 .5 O .O 44 +  0 .0 1 4
2 7 8 .6 0.110  +  0.023 2 5 7 .6 0 . 0 7 2  +  0 .0 2 3
2 7 7 .6 0 , 0 5 7  +  0.016 2 5 6 . 8  , 0 . 0 5 2  +  0 .0 1 5
2 7 6 .6 0 . 0 7 7  +  0.016
\
2 5 6 .1 0.110  +  0.026
2 7 5 . 9 0 . 1 1 2  +  0 . 0 2 4 2 5 5 . 4 0 . 0 9 9  +  0 . 0 2 4
2 7 4 . 9 0 . 1 1 7  +  0 .0 2 4 2 5 4 .6 0 . 1 1 7  +  0 .0 2 5
Table 7 (Contd.)
E ( k e V ) < (D ) E ( k e V ) ( ( b )
3 5 2 . 0 0 .,1 0 3 + 0 . 0 1 8 3 2 2 . 7 0 . 1 1 7 + 0 . 0 2 4
3 5 0 . 8 0 . ,1 2 2 + 0 . 0 1 9 3 2 1 .5 0 . 1 4 8 + 0 .0 2 6
3 4 9 .6 0 . 19 3 + 0 . 0 2 9 3 2 0 .5 0 . 106 + 0 .0 2 1
3 4 8 .4 0 . 161 + 0 .0 2 6 3 1 9 . 3 0 . 14 2 + 0 .0 2 6
3 4 7 . 2 0 . 1 5 0 + 0 .0 2 6 3 1 8 . 4 0 . 165 + 0.030
3 4 5 . 9 0 . 1 5 4 + 0 .0 2 4 3 1 7 . 4 0 . 1 9 5 + O .O 34
3 4 4 . 7 0 . 14 0 t 0 .0 2 5 3 1 6 .2 0 . 1 5 7 + 0 . 0 2 7
3 4 3 .5 0 . 125 + 0 . 0 2 0 3 1 5 . 2 0 . 191 + 0 .0 3 1
3 4 2 .3 0 . 1 4 0 + 0 .0 2 4 3 1 4 .2 0 . 173 + 0.032
3 4 1 .1 0 . 1 3 4 + 0 .0 2 2 3 1 3 . 0 0 . 17 3 + 0 0 0 Vj
/ O
3 3 9 . 8 0 . 1 3 4 + 0.023 3 1 2 . 0 0 . 2 2 8 + 0 .0 4 2
3 3 8 .6 0 . 177 + o 0 o ro 3 1 1 . 0 0 . 1 8 8 +
OJK\O•O
3 3 7 .4 0 . 2 0 2 + 0.030 3 1 0 .1 0 . 106 + 0 .0 2 1
3 3 6 .4 0 . 1 6 8 + 0 .0 2 5 3 0 8 . 8 0 . 135 + 0 .0 2 5
3 3 5 .2 0 . 2 3 8 + 0 .0 3 6 3 0 7 .9 0 . 1 2 8 + 0 .0 2 6
3 3 4 . 0 0 . 1 8 3 + 0 .0 2 8 3 0 6 . 9 0 . 1 9 3 + O .O 36
3 3 2 . 8 0 . 181 + 0.030 3 0 5 . 9 0 . 1 3 8 + 0 . 0 2 8
3 3 1 . 8 0 . 17 0 + 0 .0 2 5 3 0 5 . 0 0 . 1 6 0 JL 0.026
3 3 0 .7 0 . 1 6 8 + 0 .0 2 6 304.O 0 . 2 2 4 + O .O 36
3 2 9 .3 0 . 1 3 8 + 0 .0 2 4 303.O 0 . ,1 3 7 + 0.026
3 2 8 .3 0 . 17 3 + 0 .0 2 6 301.8 0 . 2 1 4 + 0 .0 3 7
3 2 7 .5 0 . 1 2 7 + 0 .0 2 4 300.8 0 . 0 9 2 + 0 .0 2 1
3 2 6 . 2 0 . 12 9 + 0 . 0 2 4 2 9 9 . 8 0 . 1 2 4 + 0 .0 2 5
3 2 4 .9 5 0 . 1 1 8 + 0 .0 2 2 2 9 8 . 8 0 ..0 9 7 + 0 .0 2 1
3 2 3 . 7 0 . 1 1 9 + 0 .0 2 2 2 9 7 . 8 0 . ,1 1 0 + 0.026
Table 7
E ( k e V )  ' (t>> E ( k e V ) a
f Oo)
4 2 4 .0 7 0 ..309 + 0 .0 3 8 3 8 5 .5  ' 0 . 1 7 8 + 0 .0 2 4
4 2 2 .4 0 . 299 + 0 • 0 V>1 cn 3 8 4 .1 0 . 1 98 + 0 .0 2 5
4 2 0 . 7 0 . 2 3 5 +
0do00O 3 8 2 . 8 0 . 2 0 2 + 0.026
4 1 9 .2 0 . 196 + 0.026 3 8 1 .3 0 . 2 0 2 + 0.030
4 1 7 .5 0 . 2 2 7 + 0 . 0 2 8 3 7 9 . 9 0 . 1 7 7 + 0 .0 2 5
4 1 6 . 0 0 . 2 3 8 + 0.030 3 7 8 .4 0 . 1 3 8 + 0 .0 2 2
4 1 4 .3 0 . 2 5 3 + 0.032 3 7 7 . 2 0 . 1 7 4 + 0 .0 2 6
4 1 2 .6 0 . 230 + 0to0•0 3 7 5 . 7 0 . 1 6 7 + 0 . 0 2 7
4 1 1 .1 0 . 2 1 7 + 0 . 0 2 8 3 7 4 . 3 0 . 1 4 8 + 0 . 0 2 4
4 0 9 . 4 0 . 2 2 4 + 0 .0 2 9 3 7 3 . 0 0 . 1 8 8 4- 0 . 0 2 8
4 0 7 .9 6 0 . 1 6 9 + 0 .0 2 2 3 7 1 .6 0 . 1 1 3 + 0 .0 2 3
4 0 6 .5 0 . 1 7 7 + 0 .0 2 3 3 7 0 . 4 0 . 1 7 5 + 0 .0 2 8
404.8 0 . 2 0 7 + 0 .0 2 7 3 6 8 . 9 0 . 2 4 8 + 0 . 0 3 9
4 0 3 .3 0 . 2 0 4 + 0 . 0 2 7 3 6 7 . 7 0 . 2 1 7 +
CV]
DOOft
O
4 0 1 , 9 0 . 2 5 9 +
0to*OOO 3 6 6 . 2 0 . 2 1 2 + 0 .0 3 1
4 0 0 . 4 0 . 226 + 0 . 0 2 8 3 6 5 . 0 0 . 1 8 7 + 0 .0 2 7
3 9 8 .7 0 . 1 9 4 + 0 .0 2 6 3 6 3 .5 0 . 18 2 + 0 . 0 2 7
3 9 7 .2 0 . 19 5 + 0 .0 2 7 3 6 2 .3 0 . 1 6 9 + 0 .0 2 5
3 9 5 .7 0 . 2 5 5 + 0 .0 3 2 3 6 0 . 8 0 . 193 + 0.030
3 9 4 - 3 0 . 185 + 0 .0 2 4 3 5 9 .6 0 . 116 4- 0 . 0 1 9
3 9 2 . 8 0 . 241 + 0.030 3 5 8 . 4 0 . 1 1 9 + 0 . 0 2
3 9 1 . 4 0 . 2 0 0 + 0 .0 2 5 3 5 7 .2 0 . 125 + 0 .0 2 1
2 8 9 . 9 0 . 2 2 2 + 0 .0 2 8 3 5 5 . 7 0 . 14 2 4* 0 .0 2 2
2 8 8 . 4 0 . 2 1 8 + 0 .0 2 8 3 5 4 . 5 0 . 1 3 8 -JL 0 .0 2 3
3 8 7 . 0 Oo 176 + 0 .0 2 3 3 5 3 .3 0 . 125 + 0 .0 2 1
0 3
(q)
FIG. 
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9 . 3  T h e  B r o a d  R e s o n a n c e  a t  3 1 8  k e V
F i g .  9 * 3  s h o w s  a  p r o m in e n t  b ro a d , m ax im um  c e n t e r e d  a t  3 1 8  k e Y .
T h e  p r e s e n c e  o f  t h i s  m ax im um  i s  t a k e n  t o  c o n f i r m  t h e  e x i s t e n c e  o f  t h e
r e s o n a n c e  l e v e l  a l r e a d y  o b s e r v e d  b y  Lam phei-e®  T h is  i s  a s s o c ia t e d ,
a c c o r d in g  t o  L y n n ,  w i t h  a  v i b r a t i o n a l  l e v e l  o c c u r r i n g  i n  t h e  s e c o n d
m in im u m  o f  t h e  p o t e n t i a l  e n e r g y  c u r v e .  T h e  d i p  o f  t h i s  b r o a d  m ax im um
o c c u r s  a t  a b o u t  3 5 0  k e V .  A  r o u g h  e s t im a t e  i s  o b t a in e d  b y  s u b t r a c t i n g
t h e  d a s h e d  c u r v e ,  t a k e n  t o  b e  t h e  n o r m a l  H i l l - W h e e l e r  c u r v e ,  f r o m  b e lo w
t h e  r e s o n a n c e  l e v e l  w h ic h  i s  s u p p o s e d  t o  b e  s i t t i n g  o n  t h e  H i l l  W h e e le r
c u r v e  ( f i g .  9 . 4 a ) .  I t  i s  e s t im a t e d  t h a t  c o n t r i b u t i o n s  d u e  t o  v i b r a t i o n a l
l e v e l  t o  t h e  f i s s i o n  c r o s s  s e c t i o n  i s  a b o u t  0 .0 6 8 b  w h i l e  t h e  b a c k g r o u n d
a m o u n ts  t o  . 0 9 2 b .  T h e  r o u g h  e s t im a t e  o f  r e m o v a l  o f  t h e  b a c k g r o u n d  f r o m
b e lo w  t h i s  r e s o n a n c e  y i e l d s  t h e  cu x -v e  s h o w n  i n  f i g .  ( 9 *  4 b )  a n d
i n d i c a t e s  t h e  w i d t h  o f  t h e  r e s o n a n c e  a t  3 1 8  k e V  t o  b e  a b o u t  4 8  +  4  k e V .
T h e  l a t e s t  e v a l u a t i o n  o f  XJ2 3 4  c r ( n , f )  d a t a  s h o w s  a b o u t  7% ( r e f .  9 . 7 )
s p r e a d  i n  t h e  i n d i v i d u a l  e x p e i - im e n t a l  v a lu e s  o f  (XJ2 3 3 ) i n  t h e  e n e r g y
r a n g e  o f  t h e  b r o a d  m a x im u m . T h is  m ay, le a d  o n e  t o  s p e c u la t e  o n  t h e
p r e s e n c e  o f  t h e  g r o s s  s t r u c t u r e  i n  t h i s  c r o s s  s e c t i o n  a t  3 1 8  k e V .  T h e
p r e s e n t  e x p e r im e n t  r u l e s  o u t  t h i s  p o s s i b i l i t y  s in c e  t h e  t im e  s p e c t r u m  
23 5  • *
o f  XJ f i s s i o n  y i e l d  o b t a in e d  a t  t h i s  e n e r g y  s h o w s  n o  e v id e n c e  o f  a  
g r o s s  s t r u c t u r e ,  a s  s h o w n  i n  f i g ,  9 . 5 ( a ) .  T h u s  t h e  g r o s s  s t r u c t u r e  
o b s e r v e d  i n  t h e  p r e s e n t  e x p e i - im e n t  i s  n o t  d u e  t o  g r o s s  s t r u c t u r e  i n  
XJ2 3 5  o ( n , f ) .
9 . 4  T h e  b r e a k s  i n  t h e  f i s s i o n  c r o s s  s e c t i o n  a t  o t h e r  e n e r g ie s
( l )  R e f e r r i n g  t o  f i g .  ( 9. 3 ) ?  i t  c a n  b e  s e e n  t h a t  t h e r e  i s  e v id e n c e
o f  b r e a k s  b e tw e e n  4 4 0  k e Y  a n d  6 0 0  k e V .  T h e s e  w o u ld  im p ly  a  s e r i e s  
o f  o v e r l a p p i n g  r e s o n a n c e s  p e r h a p s  w i t h  d i f f e r e n t  s p i n  a n d  p a r i t y  i n
t h e  r e g i o n .  F i g .  9 . 4 ( c )  s h o w s  t h e  s t r u c t u r e  i n  t h i s  r e g i o n  i n  m o re  
d e t a i l .  T h e  t r i a n g u l a r  p o i n t s  o n  t h e  c u r v e  A  r e p r e s e n t  d a t a  a v e r a g e d  
o v e r  15 t i m i n g  c h a n n e ls  f r o m  3 5 8  t o  400 k e V ,  b u t  r e p r e s e n t  2 5  t i m i n g  
c h a n n e ls  a b o v e  4 0 0  k e V .  T h e  c u r v e  B t h r o u g h  b a r r e d  c i r c u l a r  p o i n t s ,  
r e p r e s e n t i n g  5 t i m i n g  c h a n n e l  d a t a ,  s h o w s  f l u c t u a t i o n s  a b o u t  t h e  s m o o th  
c u r v e  A .
2
A A" - t e s t  i s  c a r r i e d  o u t  b e tw e e n  X t o  X  i . e .  b e tw e e n  3 7 0  lceV t o
-2
4 8 0  lc e V . F o r  14  p o i n t s ,  a  v a l u e  o f  A ' e q u a l  t o  4 8  i s  o b t a in e d .  I t  i s
c a l c u l a t e d  t h a t  t h e  p o i n t s  o n  t h e  c u r v e  B h a v e  a  p r o b a b i l i t y  o f  a r i s i n g
f r o m  t h e  p o p u la t i o n  o f  c u r v e  A  o f  a s  lo w  a s  .0 4 $ *  T h i s  le a d s  t o  t h e
v ie w  t h a t  t h e r e  i s  som e s t r u c t u r e  a t  t h i s  e n e r g y  r e g i o n  b e tw e e n  3 7 0  t o
4 8 0  k e V .  T h is  t y p e  o f  b r e a k  h a s  b e e n  o b s e r v e d  f o r  t h e  f i r s t  t im e  a n d
n e e d s  m o re  e x p e r im e n t a io n  t o  e s t a b l i s h  i t s  n a t u r e  m o re  a c c u r a t e l y .
( a )  A s i m i l a r  A ' - t e s t  f o r  t h e  p o i n t s  b e tw e e n  5 1 2  k e V  t o  6 5 0  k e V  g a v e  
2
a  v a l u e  o f  A  a s  9 . 9 2  f o r  9  p o i n t s .  T h i s  i n d i c a t e d  a  s i g n i f i c a n c e  
l e v e l  o f  a b o u t  3 7 $  f o r  t h e  p r o b a b i l i t y  o f  c u r v e  B a r i s i n g  f r o m  a  p o p u ­
l a t i o n  o f  c u r v e  A .  T h e  c o n c lu s io n  f r o m  t h e s e  t e s t s  i s  t h a t  t h e ’ b r e a k  
o c c u r s  b e tw e e n  4 4 0  k e V  t o  5 2 0  k e V .  H o w e v e r  i t  i s  d i f f i c u l t  t o  c o n f i r m  
t h i s  i n  a n y  o t h e r  w a y  b y  m e a n s  o f  t h i s  e x p e r im e n t .  H o w e v e r  t h e  
d e v i a t i o n s  s h o w n  i n  f i g .  ( 9 * 3 ~ 9 )  i n  L a m p h e re * s  d a t a  a l s o  s t r e n g t h e n  
t h e s e  c o n c lu s io n s .
. SECTION I I
9«5  T he  I n v e s t i g a t i o n  o f  t h e  S t r u c t u r e
9 * 5 .1  T h e  E v id e n c e  o f  t h e  e x i s t e n c e  o f  t h e  i n t e r m e d ia t e  s t r u c t u r e  
a t  3 1 8  k e V
T h e  e v id e n c e  h a s  b e e n  e s t a b l i s h e d  t h a t  t h e  s t r u c t u r e  e x i s t s  i n  
t h e  f i s s i o n  c r o s s  s e c t i o n ,  a s s o c ia t e d  w i t h  t h e  v i b r a t i o n a l  
r e s o n a n c e  a t  3 1 8  lc e V , T h e  e v id e n c e  i s  e x h i b i t e d  i n  t h e  p l o t  o f
-  59 -
\u
(M eV )
2 . 8 5
5 .5 5
T a b le  8
a  ,7» 1/7
7 0 0 0  1 . 4  x  1 0 " 4  1 .6 8
12  8 , 3  x  1 0 “ 2  2 .3 5
s i n g l e  c h a n n e l  d a t a  p o i n t s  b e tw e e n  2 5 0  k e V  t o  4 2 0  k e V ,  a s  c a n  b e  
s e e n  i n  t h e  c u r v e  B i n  f i g .  9 . 5 .  I n  t h i s  r e g i o n ,  t h e  p o i n t s  e a c h  
c o r r e s p o n d in g  t o  a  s i n g l e  t i m i n g  c h a n n e l ,  c o v e r  t h e  r a n g e  0 . 9 8  k e V  
t o  1 . 2 2  k e V ,  v p - th  a  s t a t i s t i c a l  e r r o r  i n  t h e  c h a n n e l  w id feh . n o t  
g r e a t e r  t h a n  +  0 .2 % . T h e  e r r o r  o n  e a c h  d a t a  p o i n t  i s  i n d i c a t e d  
b y  t h e  e r r o r  b a r s .  T a b l e . ( 7 ) g i v e s  t h e  v a l u e s  o f  t h e  f i s s i o n  c r o s s  
s e c t i o n  o f  t h e s e  p o i n t s  w i t h  t h e i r  s t a t i s t i c a l  e r r o r s .  T h e  s o l i d  
c u r v e  A  i n  t h e  f i g .  9 . 5  i s  o b t a in e d  b y  j o i n i n g  t h e  t r i a n g u l a r  d a t a  
p o i n t s  w h ic h  r e p r e s e n t  t h e  a v e r a g e  v a l u e s  o f  d a t a  t a k e n  o v e r  2 0  
t i m i n g  c h a n n e l .  T h i s  c u r v e  s h o w s  t h e  p a r t  o f  t h e  c u r v e  sh o w n  i n  
f i g .  9 °  3  o f  S e c t io n  I  i n  m o re  d e t a i l .  ( T a b le  6 ) .
T h e  c u r v e  A p r o v id e s  a  p o o r  r e p r e s e n t a t i o n  o f  t h e  s i n g l e  c h a n n e l
r2
d a t a  a s  s h o w n  b y  t h e  v a l u e s  o f  X  - d i s t r i b u t i o n  e v a lu a t e d  f o r  t h i s
v-2
c u r v e .  T h e  v a l u e  o f A  i s  2 0 3 . 0  f o r  12 3  d a t a  p o i n t s  l y i n g  b e tw e e n  
2 5 0  k e V  t o  3 7 5  k e V .  T h e  s i g n i f i c a n c e  l e v e l  i s  o b t a in e d  b y  c o n s id e r ­
i n g  t h e  n o r m a l  d i s t r i b u t i o n  w i t h  d e g r e e s  o f  f r e e d o m  »>'= 1 2 3 .  F o r  
t h e  n o r m a l  d i s t r i b u t i o n ,  t h e  n o r m a l  d e v i a t e  w i t h  u n i t  v a r i a n c e  i s  
g i v e n  b y  r e f .  ( 9 . 2 ) .
J 7 7 2
1
1 2 
■—  r e m e m b e r in g  t h a t  Xf
c o r r e s p o n d s  w i t h  t h a t  o f  t h e  s i n g l e  t a i l  o f  t h e  n o r m a l  d i s t r i b u t i o n
c u r v e .  T h e  v a l u e  o f  t h e  d e v i a t e ,  X  =  ( J 2  X 2 - J 2 v ~  1 )  i s
c a l c u l a t e d  t o  b e  4 . 4 4 .  T h i s  v a l u e  X  g i v e s  t h e  p r o b a b i l i t y  P ( x ) ,
t a k e n  f r o m  s t a t i s t i c a l  t a b l e s  ( 9. 2 ) .  t h a t  t h e  s m o o th  c u r v e  A  a r i s e s
f r o m  t h e  p o p u l a t i o n  o f  t h e  d a t a  p o i n t  a s  lo w  a s  < . 0 0 0 0 3 .  T h e  c u r v e
2
B s k e t c h e d  t h r o u g h  s i n g l e  c h a n n e l  d a t a  p o i n t s  g i v e s  X  a  v a l u e  o f  
1 0 5 .8  f o r  t h e  sam e 1 2 3  p o i n t s .  T h i s  g i v e s  t h e  v a l u e  o f  t h e  n o r m a l
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FIG. 9-6 HISTOGRAM REPRESENTS THE EXPERIMENTAL 
RESOLUTION FUNCTION.
O REPRESENTS SIMULATED RESOLUTION FUNCTION
FIG. 9-7 LANG AND LECOUTEUR. PROJECTION TO 325 keV.
Table 9
Resonances in Experimentally observed structure
A lt!, s p a c in g  
D ( k e V )
12.5 + 2.2
R o o f  
l e v e l s
H e ig h t  
H ( b )
W id t h  
V  ( k e V )
1 0 . 0 6 0  +  .0 0 1 3 - 7  +  5
2 0 .0 5 2  +  .0 0 1 5 . 0
3 0 . 0 5 8 4 # 5
4 0 .0 3 8 5 . 5
5 0 .0 7 6 4 6 . 0
6 . 0 .1 0 5 8 8 . 5
7 0 . 0 7 6 4 8 . 8
8 0 .0 9 9 9 1 0 .5
9 0 .0 6 7 0 6 . 0
1 0 0 .0 9 3 2 9 - 5
T h e  h e i g h t ,  w i d t h ,  a n d  t h e  AV s p a c in g s  o f  t h e  
r e s o n a n c e s  s h o w n  i n  f i g .  9 * 5  ( c u r v e  B )
Table 10
T b e  a v e r a g e  s t r u c t u r e  b e i g b t  4 H )  0 o0 7 2  +  .0 0 5  b
T lie  a v e r a g e  s t r u c t u r e  w i d t h  X  W > 6 . 2  + 0 . 8  k e V
T b e  a v e r a g e  s t r u c t u r e  s p a c in g  x D >  1 2 .5  + 2 . 1  k e V
T h e  a v e r a g e  p r o p e r t i e s  o f  t b e  o b s e r v e d  s t r u c t u r e  
s h o w n  i n  f i g .  9 . 5  ( c u r v e  B ) .
d e v i a t e ,  ( f z X 2 - f £ v -  1 ) ,  a s  1 . 1 7 ,  i n d i c a t i n g  t h a t  d a t a  c a n  b e
’j
d e r i v e d  f r o m  a  p o p u l a t i o n  r e p r e s e n t e d  b y  t h i s  c u r v e  w i t h  a  p r o b a ­
b i l i t y  o f  24% .
z.2
C o n c lu s io n s  d r a w n  f r o m  t h e  v a l u e s  o f  X  r e l y  o n  t h e  a c c u r a c y  
o f  t h e  e r r o r s  o n  e a c h  d a t a  p o i n t ,  a n d  w o u ld  b e  v i t i a t e d . i f ,  f o r  
i n s t a n c e ,  t h e  t i m i n g  c h a n n e l  w i d t h  v a r i e d  s i g n i f i c a n t l y  f r o m  c h a n n e l  
t o  c h a n n e l .  No d i r e c t  e v id e n c e  i s  a v a i l a b l e  o n  t h e  c o n s t a n c y  o f  
t h e  t i m i n g  c h a n n e l  w i d t h  i n  t h e  r e g io n  o f  3 1 8  k e Y ,  H o w e v e r ,  t h e  
d a t a  h a v e  b e e n  i n v e s t i g a t e d ,  ( s e c t i o n  7 . 6 ) ,  t o  d e t e r m in e . t h e  a v e r a g e  
d i f f e r e n c e  b e tw e e n  o d d  a n d  e v e n  c h a n n e ls  a n d  b e tw e e n  g r o u p s  o f  
c h a n n e ls .  I t  i s  f o u n d  t h a t  t h e  w i d t h  o f  t h e  s u c c e s s iv e  c h a n n e ls  
a r e  e q u a l  a v e r a g e  t o  w i t h i n  0 .2 % .
9 . 5 . 2  T h e  e f f e c t  o f  f i n e  s t r u c t u r e  i n  crr (U 2 3 3 ) o n  t h e  n a t u r e  o f-f-
To e v a lu a t e  t h e  f i s s i o n  c r o s s  s e c t i o n ,  E q . ( 2 . 2 ) r e w r i t t e n  a s ,
s t r u e t u r e  i n  ( U 2 5 4 )
a£ \  = IC x a£ \  x \
w a s u s e d ,  w h e re  t h e  e n e r g y  b a n d  E^ c o r r e s p o n d s  t o  e a c h  t i m i n g  
c h a n n e l  b e tw e e n  2 5 0  t o  3 8 0  k e V  ( S e c t i o n  7 . 5 ,  ( 3 ) ) .  T h e  a n a l y s i s  i n  
t h i s  r e g i o n  w as c a r r i e d  o u t  b y  t a k i n g  ^ ( U  )  v a l u e s  f r o m  r e f . ( 2 . 1 ) *
a s  t h e  m o s t  r e c e n t  e v a l u a t i o n  d a t a  w e re  n o t  a v a i l a b l e  a t  t h e  t im e  
o f  a n a l y s i s .  H o w e v e r ,  t h e  o b s e r v e d  i n t e r m e d ia t e  s t r u c t u r e  i n
OCZ/l
(U  ) c o u ld  b e  a f f e c t e d  i f  t h e r e  w e r e  i n t e r m e d ia t e  s t r u c t u r e  
p r e s e n t  i n  o ^ U 2 3 3 ) .  I n  a  r e c e n t  p u b l i c a t i o n ,  Bowm an e t  a l .  ( r e f .  
( 9 = 6 ) )  i n v e s t i g a t e d  t h e  s t r u c t u r e  i n  d  ( u  ) .  T h e i r  r e s u l t s  s h o w  
a b o u t  4% f l u c t u a t i o n s  i n  ( ^ ( u 2 3 3 ) b e tw e e n  2 6 0  t o  3 6 0  k e V .  T h e  
U t im e - s p e c t r u m  s h o w n  i n  f i g .  ( 9 . 5 )  i s  c o n s i s t e n t  w i t h  t h i s  
o b s e r v a t i o n .  T h e s e  f l u c t u a t i o n s  do  n o t  s i g n i f i c a n t l y  a f f e c t ,
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w i t h i n  t h e  a c c u r a c y  o f  m e a s u r e m e n ts ,  a n y  c o n c lu s io n s  m ade o n  t h e
p *2 A
a s s u m p t io n  t h a t  a l l  t h e  s t r u c t u r e  o b s e r v e d  i s  i n  o ^ ( U  )  s in c e  
t b e  o b s e r v e d  v a r i a t i o n s  a r e  ^  2 0 $ .
9« 6  T b e  a v e r a g e  p r o p e r t i e s  o f  t h e  o b s e r v e d  s t r u c t u r e  a t  3 1 8  k e V
U n d e r  t b e  e x p e r im e n t a l  c o n d i t i o n s ,  i t  see m s t h a t  t b e  e n e r g y  r e s o l ­
u t i o n  i s  c o m p a r a b le  w i t h  t b e  e x p e c te d  l e v e l  s p a c in g s  o f  t h e  r e s o n a n c e s  
a t  3 1 8  k e V .  T h e  l e v e l  s p a c in g  o f  t h e s e  r e s o n a n c e s  a t  a b o u t  325 keV c a n  
b e  d e d u c e d  b y  u s i n g  t b e  f o r m u la  o f  L a n g  a n d  L e c o u t e u r  r e f .  ( 9 * 3 )  a n d  
f r o m  t b e  k n o w le d g e  o f  t b e  l e v e l  s p a c in g s  d e r i v e d  e x p e r i m e n t a l l y  a t  lo w  
e n e r g y  b y  J a m e s  a n d  R a e . T b e  f o r m u la  g i v e s  t h e  r e l a t i o n  b e tw e e n  l e v e l  
d e n s i t y  p ( u )  a t  t b e  e f f e c t i v e  e x c i t a t i o n  e n e r g y  U a n d  t h e  s p a c in g  D , 
a s  f o l l o w s
w h e re  a  a n d  c  a r e  c o n s t a n t s .
A c c o r d in g  t o  c a l c u l a t i o n s  b y  L y n n  r e f .  (1 - 2 5 )  t h e  g r o u n d  s t a t e
I I
i n  t b e  s e c o n d  m in im u m , , i s  a t  a b o u t  2 . 7  M eV . T h e  g r o u n d  s t a t e
i n  t b e  f i r s t  m in im u m  c o r r e s p o n d s  t o  5 * 5  M eV . T h e r e f o r e  t b e  e f f e c t i v e  
e x c i t a t i o n  e n e r g y  i n  t b e  s e c o n d  m in im u m  w i l l  b e  ( 5 * 5 5  -  2 . 7 )  -  2 .8 5  
M eV , p l u s  a  f e w  h u n d r e d  k e V  ( o r  e V ) d e p e n d in g  o n  a  p a r t i c u l a r  r e g io n  
o f  n e u t r o n  e n e r g y .  T a b le  8  g i v e s  t b e  p a r a m e te r s  u s e d  t o  c a l c u l a t e  
t h e  l e v e l  d e n s i t y  a n d  s p a c in g  c o r r e s p o n d in g  t o  s e c o n d  m in im u m  a t  
3 2 5  lce V . T h e  v a lu e s  i n  t h e  f i r s t  r o w  o f  t a b l e  8  a r e  f r o m  lo w  e n e r g y  
d a t a  b y  J a m e s  a n d  R a e . r e f .  ( l . 1 l ) .  F o r  l e v e l s  e x c i t e d  b y  3 2 5 ( 3 1 8 ) k e V  
n e u t r o n s ,  t b e  e f f e c t i v e  e x c i t a t i o n  e n e r g y  w i l l  b e  -v  ( 2 . 8 5  -  . 3 2 5 )  -  
3 . 1 7  MeV g i v i n g  / u  a s  1 . 7 8 .
T b e  g r a p h  i n  f i g .  ( 9 . 7 )  s h o w s  a  p l o t  o f  / u  a g a i n s t  1 /D .  F ro m  
t h i s  g r a p h ,  w i t h o u t  t b e  n e e d  o f  f i n d i n g  a  a n d  c ,  t b e  l e v e l  s p a c in g  f o r
-  6 2  -
3 2 5  k e V  c a n  b e  i n t e r p o l a t e d  t o  g i v e  a  v a l u e  o f  a b o u t  3  k e V .
T h u s  t h e  l e v e l  s p a c in g  o f  t h e  r e s o n a n c e s  w h ic h  a r e  g i v i n g  r i s e  
t o  t h e  o b s e r v e d  s t r u c t u r e  a r e  d e d u c e d  t o  b e  a b o u t  3  k e V ,  i n  t h e  s e c o n d  
m in im u m  e x t r a c t e d  f r o m  t h e  e x p e r im e n t a l  v a lu e s  o f  t h o s e  s p a c in g s  a t  
lo w  e n e r g y .  T h e  i n h e r e n t  r e s o l u t i o n  f u n c t i o n  o b t a in e d  a t  t h e  1 6 .8 3 5  
m e t e r  f l i g h t  p a t h  i s  s h o w n  i n  f i g .  9 -6  ( t h e  h i s t o g r a m ) .  T h e  FWHM o f  
t h e  r e s o l u t i o n  f u n c t i o n  i s  a b o u t  3 * 9  +  0 , 5  k e V  a n d  i s  t h e r e f o r e  
c o m p a r a b le  w i t h  t h e  e x p e c t e d  r e s o n a n c e  s p a c in g  o f  3  k e V .  T h e  s t r u c t u r e  
o b s e r v e d  i s  t h u s  b r o a d e n e d  b y  t h e  r e s o l u t i o n  f u n c t i o n .  T h e r e f o r e  n o  
d i r e c t  m e a s u re m e n ts  o f  t h e  r e s o n a n c e  p a r a m e te r s  c h a r a c t e r i z i n g  t h e  
r e s o n a n c e s  w h ic h  g i v e  r i s e  t o  t h e  o b s e r v e d ,  r e s o l u t i o n  b r o a d e n e d ,  
s t r u c t u r e  a r e  p o s s i b l e . '
H o w e v e r ,  s i g n i f i c a n t  s t r u c t u r e  p a r a m e te r s  a r e  o b t a in e d  b y  c o n s id ­
e r i n g  10 r e s o n a n c e s ,  ( o r  s i g n i f i c a n t  f l u c t u a t i o n s )  b e tw e e n  2 5 0  t o  3 7 5  
k e V ,  o b t a in e d  f r o m  t h e  p l o t  o f  t h e  d a t a  ( c u r v e  B ) .  T a b le  9  g i v e s  t h e  
h e i g h t ,  a n d  t h e  w i d t h  o f  t h e s e  i n d i v i d u a l  r e s o n a n c e s .  T a b le  1 0  g i v e s  
a v e r a g e  v a l u e s  o f  t h e  h e ig h t s  w i d t h s  a n d  s p a c in g s  o f  t h e  s t r u c t u r e .
H e r e  t h e  e r r o r  i n  D i s  c a l c u l a t e d  f o r  a  W ig n e r  ( 1 0 . 4 )  d i s t r i b u t i o n  ( 9 . 4 )
2 7 3  f j -  x  D
i n  W a n d  H a r e  c a l c u l a t e d  a s s u m in g  g a u s s ia n  d i s t r i b u t i o n ,  a n d  t h e s e  
q u a n t i t i e s  a r e  d e d u c e d  f r o m  t h e  c u r v e  B .
9 . 6 . 1  S -w a v e  c o n t r i b u t i o n  t o  f i s s i o n  c r o s s  s e c t i o n
U n d e r  c o n d i t i o n s  w h e re  T  , t h e  t o t a l  w i d t h  i s  l a r g e  c o m p a re d  
t o  t h e  n e u t r o n  w i d t h  ^ , i n  t h e  e x p r e s s io n  f o r  c ^ ,  v i z .
2 , 2  x  5  Ff  \
<* f > = f ’ e/ r—  2 ’
where gj is the spin factor, the S-wave contribution can be
f o r  n  l e v e l s  w h e r e a s  t h e  e r r o r s
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FIG. 9-3  THE ENERGY D E P EN D EN CE  OF THE OBSERVED FISSION  
YA Ha FOR 2 3 4 u R E S O N A N C E S .  CURVES A,  B AND C SHOW A 
U j l  :.-!TZIAN ENERGY DEPENDENCE O F  THE MEAN FISSION WIDTH. 
C u : A GOES THROUGH THE M E A S U R E D  FISSION WIDTH AT 
6 3 8 - 4  ;V WHEREAS CUR VE S B AND C GO THROUGH P O I NT S  AT
O N F 7 A N D A R D  DEVIATION FROM THIS DATUM.
a n d  t h e  s p i n  w e i g h t i n g  f a c t o r  g j  ( g  =  y )  a c c o r d i n g  t o  e q u a t i o n ,
V±Mx
Og ( S - w a v e )  =  —2~~z -----------------    x  o b s e r v e d
Pl£l. + P3/2g3/2 + p5/2g5/2
1 7 
=  —1------- 5----------  —  x  0 .0 6 8
13 13
=  0 . 0 5  b .
H e n c e ,  i n  t b e  c a s e  o f  t b e  o b s e r v e d  f i s s i o n  c r o s s  s e c t i o n  a t  3 1 8  k e V  
i n  t h i s  e x p e r im e n t , '  t h e  S ~ w ave  c o n t r i b u t i o n  i s  o n l y  0 . 0 5  b  o u t  o f  
t h e  o b s e r v e d  0.069 b a r n s .
D i s c u s s io n
9 . 7 . 1  T b e  I n t e r p r e t a t i o n  o f  t h e  R e s u l t s  g i v i n g  r i s e  t o  t h e  
o b s e r v e d  S t r u c t u r e
A c c o r d in g  t o  L y n n ,  r e f .  ( 1 . 2 4 ,  1 . 2 5 )  t b e  s t r u c t u r e  i n  t b e
f i s s i o n  c r o s s  s e c t i o n  r e s u l t s  f r o m  t h e  p r e s e n c e  o f  t h e  C l a s s - I I
c o m p o u n d  s t a t e s  i n  t b e  s e c o n d  w e l l  o f  t b e  p o t e n t i a l  e n e r g y  c u r v e .
T b e  p o s i t i o n  o f  t b e  C l a s s - I I  l e v e l s  a r e  a p p a r e n t  t h r o u g h  m a x im a
t h a t  a p p e a r  i n  t h e  e n v e lo p e  o f  l o c a l l y  a v e r a g e d  f i s s i o n  w i d t h s .
T b e  w i d t h s  a r e  a v e r a g e d  o v e r  t b e  e n e r g y  i n t e r v a l s  m u c h  g r e a t e r  t h a n
D I ,  t h e  s p a c in g  i n  t h e  f i r s t  m in im u m , b u t  m u c h  s m a l l e r ,  t h a n  D I I ,
t h o s e  i n  t b e  s e c o n d  m in im u m .
T b e  f l u c t u a t i o n s  o f  i n d i v i d u a l  f i s s i o n  w id t h s  l i e  w i t h i n  a n
e n v e lo p e  t h a t  i s  L o r e n t z i a n  i n  i t s  e n e r g y  d e p e n d e n c e .  T h e  sum
o f  t h e  f i s s i o n  w i d t h s  o f  a l l  r e s o n a n c e s  i n  t b e  g r o u p  i s  t h e  f i s s i o n
w i d t h  o f  t b e  u n d e r l y i n g  G la s s ~ I I  s t a t e s .
9. 7.2  C o m p a r is o n  o f  t b e  r e s i i l s  w i t h  f i s s i o n  p a r a m e te r s  a t  lo w
determined approximately by the penetration factors Pj for J = -g-
e n e r g y  ^
Tbe low energy parameters
Table 11
Low Energy 
( James & Rae)
At 318 keV
DI . DII
12.2 eV ; 7 keV
6.4 eV '3 keV
T h e  f i s s i o n  p a r a m e te r s  a t  lo w  e n e r g y  b y  Ja m e s  a n d  R a e  r e f .  
( l - 1 l )  a r e  s u m m a r iz e d  b e lo w .  T h r e e  d i s t i n c t  g r o u p s  o f  r e s o n a n c e s  
h a v e  a r e a s  u n d e r  t h e  f i s s i o n  c r o s s  s e c t i o n  c u r v e  a s  f o l l o w s ,
( . 638  e V )  0.7 k e V  g r o u p  h a s  a n  a r e a  o f  97*7 beV
8.3 k e V  "  "  "  "  5 2 . 0  b'eV
1 3 . 9  k e V  "  "  "  "  "  3 2 . 0  beV
H e re  t h e s e  a r e a s  u n d e r  t h e  f i s s i o n  c r o s s  s e c t i o n  c u r v e  a r e  t h e
i s  t h e  pe a lc  t o t a l  c r o s s  s e c t i o n ,  a n d  T , T a r e  t h e  n e u t r o n ,
f i s s i o n ,  a n d  t h e  t o t a l  w i d t h  o f  t h e  r e s o n a n c e s ,  o ^  i s  t h e  
f i s s i o n  c r o s s  s e c t i o n ,  A E  i s  t h e  e n e r g y  r a n g e  p e r  t i m i n g  c h a n n e l .  
X  i s  t h e  n e u t r o n  d e  B r o g l i  w a v e le n g t h  d i v i d e d  b y  2 n  . g  i s  t h e  
s p i n  w e ig h t i n g  f a c t o r ,  w h ic h  i s  u n i t y  f o r  a n  e v e n  m a s s  n u c le u s .
T h e  a s s u m e d  c o n s t a n t  v a l u e  f o r  t h e  r a d i a t i o n  w i d t h ,  h a s
b e e n  t a k e n  a s  2 5  m e V . .
A s  c a n  b e  s e e n  f r o m  t h e  T a b le  1 o f  Ja m e s  a n d  R a e 's  r e f .
( 1 . 1 1 )  p a p e r ,  t h e  f i s s i o n  w i d t h  v a r y  f r o m  a  m in im u m  o f  0.003 meV 
t o  a  m ax im um  o f  0 . 4 5  m eV , i n d i c a t i n g  t h a t  t h e s e  r e s o n a n c e s  a r e  o f  
f i n e  s t r u c t u r e  a s  c o m p a re d  t o  t h e  p r e s e n t  o b s e r v e d  r e s o n a n c e s .  
T h e s e  r e s o n a n c e s  h a v e  o b s e r v a b le  f i s s i o n  w i d t h s  b e c a u s e  t h e y  o c c u r  
a t  a n  e n e r g y  n e a r  t o  a  C l a s s - I I  s t a t e  i n  t h e  s e c o n d  m in im u m . I t  
i s  s h o w n  b y  L y n n  r e f .  ( 9 .1  ) a n d  ¥ e ig m a n n  r e f .  ( 9 . 6 )  t h a t  t h e s e  
f i s s i o n  w id t h s  a r e  e x p e c t e d  t o  h a v e  a  L o r e n t z i a n  e n e r g y  d e p e n d e n c e  
o f  t h e  f o r m ,
q u a n t i t i e s  A E ,  w h ic h  a r e  e q u a l  t o  0 Q w h e r e
f
( 9 - 1 )
(9.2)
Table 12
E n  331 D I1  r f l  F f I I
L(63fevf 12-2 eV 7 keV O’3 e?
3 1 8  lceV  6 . 4  eV  3  k e V  -
3
<  H "  >  
115  e V 2
s u p e r im p o s e d  o n  a  P o r t e r - T h o m a s  r e f .  (1 - 1 7 )  d i s t r i b u t i o n ,  
p r o v id e d  I t « D I  W2/ 2 n  .
H e r e  E q i s  t h e  C l a s s - I I  r e s o n a n c e  e n e r g y ,  ¥  i s  t h e  h a l f  w i d t h  
o f  t h e  d i s t r i b u t i o n .  IC i s  a  c o n s t a n t ,  d e p e n d in g  o n  t h e  C l a s s - I I  
f i s s i o n  w i d t h  a n d  o n  t h e  c o u p l i n g  s t r e n g t h s  b e tw e e n  C l a s s - I  a n d  
C l a s s - I I  l e v e l s .  D I  i s  t h e  l e v e l  s p a c in g  o f  . t h e  C l a s s - I  r e s o n a n c e s .  
F i g .  9 . 8  s h o w s  t h e  L o r e n t z i a n  f o r m  o f  e n e r g y  d e p e n d e n c e  o b t a in e d  
b y  Ja m e s  a n d  S la u g h t e r  r e f *  ( 1 * 1 2 )  s u p e r im p o s e d  o n  a  P o r te r - T h o m a s  
d i s t r i b u t i o n .  T a b le  11 s h o w s  t h e  s p a c in g  D I ,  D I I  a t  t h e  tw o  
e x p e r im e n t a l  e n e r g ie s .  A c c o r d in g  t o  L a n g  a n d  L e c o u t e u r  r e f .  ( 9 . 3 )  
t h e s e  s p a c in g s  c o r r e s p o n d  t o  a  w e l l  d e p t h  o f  2 . 3  MeV i n d i c a t i n g  
t h a t  t h e  s e c o n d  p o t e n t i a l  w e l l  l i e s  a t  3  MeV a b o v e  t h e  f i r s t  m in im u m  
i n  t h e  c a s e  o f  TJ2 3 4 .
9 . 7 * 3  T h e  c o u p l i n g  m a t r i x  e le m e n t  a t  lo w  e n e r g y
T h e  c o u p l i n g  s t r e n g t h  b e tw e e n  C l a s s - I  s t a t e  5  a n d  a  
I I
C l a s s - I I  s t a t e  A  ' i s  d e f i n e d  b y  t h e  c o u p l i n g  H a m i l t o n ia n  m a t r i x
e le m e n t ,  <  5  j w (  A * ^  >  g i v e n  b y  e x p r e s s io n  ( 8 . 5 ) i n  C h a p te r  8 .
T h e  r e s o n a n c e s  t h a t  a r i s e  b y  m i x i n g  t h e  d e n s e  C l a s s - I  s t a t e  w i t h  
a  C l a s s - I I  s t a t e ,  h a v e  f i s s i o n  w i d t h s  g i v e n  b y  a n  e x p r e s s io n  
d e p e n d in g  o n  c o u p l i n g  m a t r i x  e le m e n t ,  a s  ( 1 . 2 5 ) .
=  < A I  H " 2 >  A 1 1  P h f )  ............
A(f> ~ (Bi ■ - EH)2 + W2
w h e r e  V/2 =  0 . 6 9  +  H " 2/ d I 2  +  0 . 6 9  H " 2 . T h e  f a c t o r  0 . 6 9  a l l o w s  
f o r  a  P o r te r - T h o m a s  f l u c t u a t i o n  o f  t h e  f i s s i o n  w i d t h s  a n d  w a s  
fo u n d  b y  n u m e r i c a l  c a l c u l a t i o n  b y  L y n n  r e f .  ( 1 . 2 4 ) .  Ja m e s  a n d  
S la u g h t e r  r e f .  (1  - 1 2 )  h a v e  d e d u c e d ,  f o r  w e a k  c o u p l i n g ,  u s i n g  t h e
lo w  e n e r g y  d a t a  o f  J a m e s  a n d  R a e ,  r e f .  ( 1 « 1 1 )  t h e  C l a s s - I I  f i s s i o n  
w i d t h  g i v e n  b e lo w
IT r» * 7 °'°5
( 9 . 4 )r A ( f )  Oo3 +  1 .0 3  eV
<H"2> = 115 1 92 ey2
T h e s e  v a l u e s  i n  T a b le  12  a r e  u s e d  t o  c a l c u l a t e  t b e  h e i g h t s  o f
t h e  tw o  b a r r i e r s ,  V .  a n d  i n  o r d e r  t o  s im u la t e  t h e  f i s s i o nA x>
c r o s s  s e c t i o n  t h e o r e t i c a l l y  a n d  c o m p a re d  w i t h  t b e  e x p e r im e n t a l  
r e s u l t s  o b t a in e d .  T b e  a n a l y s i s  o f  t b e  r e s u l t s  b y  s i m u l a t i o n  
i s  d e s c r ib e d  i n  C h a p te r  1 0 .
10.1  I n t r o d u c t i o n
I n  o r d e r  t o  c o m p a re  t h e  r e s u l t s  o b t a in e d  w i t h  t h e  r e s u l t s  
e x p e c t e d  f r o m  t h e  k n o w le d g e  o f  lo w  e n e r g y  p a r a m e te r s ,  t h e  e x p e c te d  
, f i s s i o n  c r o s s  s e c t i o n  h a s  b e e n  s im u la t e d  b y  s t o c h a s t i c  p r o c e d u r e  
r e f .  ( 1 0 . 1)0 T h e  f i s s i o n  c r o s s  s e c t i o n  o v e r  t h e  e n e r g y  r a n g e  o f  
2 5 0  lceV  t o  4 0 0  lceV h a s  b e e n  s im u la t e d  a t  1 5 0  p o i n t s ,  e a c h  g i v i n g  
c r o s s  s e c t i o n  a v e r a g e d  o v e r  1 k e V ,  i n  o r d e r  t o  d e c id e  w h e t h e r  t h e  
o b s e r v e d  s t r u c t u r e  i s  c o n s i s t e n t  w i t h  t h e  p a r a m e te r s  o f  t h e  i n t e r -  
m e d ia te  s t r u c t u r e  o b s e r v e d  a t  lo w  e n e r g y  b y  Ja m e s  a n d  R ae  r e f .  ( l . 1 l ) .
1 0 .2  T h e  T h e o r y  o f  S im u la t i o n
T h e  t h e o r y  o f  i n t e r m e d i a t e  s t r u c t u r e  h a s  b e e n  e x p lo r e d  i n  d e t a i l  
b y  L y n n  r e f .  ( 1 . 2 4 ,  9 * 1 ,  9 * 4 )  • . B \ i t  f o r  t h e  s p e c i a l  c a s e  o f ■c o m p o s i te  
m i x t u r e  o f  i n t e r m e d ia t e  s t r u c t u r e  i n t o  a  b r o a d  s t r u c t u r e ,  t h e  
r e l e v a n t  t h e o r y  d is c u s s e d  h e r e  h a s  b e e n  e v o lv e d  a lo n g  t h e  sam e l i n e s  
t o  d e a l  w i t h  C l a s s - I I  v i b r a t i o n  l e v e l  d a m p e d  b y  m ix i n g  w i t h  C l a s s - I I  
co m p o u n d  s t a t e s ,  w h ic h  i n  t u r n  g i v e  r i s e  t o  C l a s s - I I  f i s s i o n  r e s o n a n c e s  
T h e  s t e p s  i n v o l v e d  i n  c a l c u l a t i n g  t h e  f i s s i o n  c r o s s  s e c t i o n  a n d  t h e  
p a r a m e te r s  o f  t h e  s t r u c t u r e  a r e  b a s e d  o n  t h e  a s s u m p t io n  t h a t  t h e  
c o u p l i n g  b e tw e e n  C l a s s - I  a n d  C l a s s - I I  l e v e l s  i s  o f  'w e a k  t y p e 1 a s  
o p p o s e d  t o  ' v e r y  w e a k  t y p e ' .  T h is  r e q u i r e s  a  lo w e r  i n t e r m e d i a t e  
b a r r i e r  t h a n  t h e  o u t e r  b a r r i e r  ( f i g .  ( 8. 1 ) ) .  T h e  m a t r i x  
e le m e n t  o f  t h e  c o u p l i n g  s t r e n g t h  d e p e n d s  o n  a n d  i s  w r i t t e n  a s
 2 d i  m   ___________ 1   . . . . .  ( 10 . 1 )
^  ^  ^  “  4 7r  2 [1 +  e x p  { 2 7c ( V ^  -  E ^ ) / f r < w  A } ]
CHAPTER 10
ANALYSIS BY SIMULATION
w h e r e ,  D I  a n d  D I I  a r e  t h e  a v e r a g e  l e v e l  s p a c in g s  o f  C l a s s - I  a n d  
C l a s s - I I  r e s o n a n c e s ,  A i s  t h e  c i r c u l a r  f r e q u e n c y  o f  t h e  h a r r i e r  
c o n s id e r e d  a s  a n  i n v e r t e d  p a r a b o la  i n  s h a p e .  i s  t h e  e n e r g y
o f  t b e  C l a s s - I I  r e s o n a n c e s .  T b e  f i s s i o n  w i d t h  F  I  o f  th e .  C l a s s - I
l e v e l s  a r e  n o t  o b s e r v a b le  i n  t h e  s t r u c t u r e  o b t a in e d  a s  a  r e s u l t  o f  
t h e  b r o a d  r e s o l u t i o n  f u n c t i o n  s h o w n  i n  ( F i g .  ( 9 . 6 ) ) .  H o w e v e r ,  t h e s e  
d e p e n d  o n  t h e  c o u p l i n g  s t r e n g t h  < H ' ^  a n d  t h e  C l a s s - I I  f i s s i o n  w i d t h s  
a n d  c a n  b e  c a l c u l a t e d  b y  m e a n s  o f  t b e  f o l l o w i n g  e x p r e s s i o n ,
<  H "  >  I L I I
r j  =  *=-----5- . . . . . .  (10.2)
( E n  -  E , ) 2  + w 2
w h e r e  w i s  t h e  s p r e a d in g  w i d t h  o f  th e -  L o r e n t z i a n  f o r m  o f  t b e  C l a s s - I  
r e s o n a n c e s  a t  E ^  a d m ix in g  w i t h  C l a s s - I I  s t a t e s  a t  E ^  i n t o  " th e  f i n a l  
s t a t e s o  D u t  t o  t h i s  a d m ix t u r e ,  t h e  c h a n c e  o f  f i s s i o n  t h r o u g h  t h e  
o u t e r  b a r r i e r  i s  e n h a n c e d  s p e c i a l l y  w h e n  t h e r e  i s  a  v i b r a t i o n a l  l e v e l  
i n  t h e  s e c o n d  m in im u m . T b e  p r o b a b i l i t y  o f  f i s s i o n  t h r o u g h  C l a s s - I I  
l e v e l s ,  dam ped  b y  t b e  p r e s e n c e  o f  t h e  v i b r a t i o n a l  l e v e l  in -  t h e  
s e c o n d  m in im u m  d e p e n d s  o n  t b e  h e i g h t  o f  t b e  o u t e r  b a r r i e r .
T b e  f i s s i o n  w i d t h  o f  t h e .  v i b r a t i o n a l  l e v e l  i s  g i v e n  r e f .  ( 1 . 24) 
b y  _ .
r  . . ( f )  = ^  1..............................    (10.3)
[1  +  e x p  I 2 n  (V g  -  E ^ / l i ^ g l ]
H e r e  i s  t b e  c i r c u l a r  f r e q u e n c y  o f  t b e  o u t e r  b a r r i e r  t a k e n  a s
i n v e r t e d  p a r a b o la .  D ^  i s ’ t h e  s p a c in g ’ b e tw e e n  t b e  v i b r a t i o n a l  
l e v e l s  o f  t b e  sam e s p i n  a n d  p a r i t y  a n d  i s  c a l c u l a t e d  t o  b e  8 0 0  k e V  
f o r  t h e  l e v e l  a t  3 1 8  k e V  r e f .  ( 1 0 . 8 ).
-  68 -
D f I I  r e p r e s e n t s  t h e  f i s s i o n  w i d t h  o f  t h e  C l a s s - I I  l e v e l s  a n d  c a n  b e&
w r i t t e n  a s  a  c o m b in a t io n  o f  t h e  p r o b a b i l i t i e s  o f  e x c i t i n g . t h e  
v i b r a t i o n a l  l e v e l  f o l l o w e d  b y  d e - e x c i t a t i o n  t h r o u g h  f i s s i o n ,  n a m e l y , ,
D T I  ¥ d  Fv i b  . \
I  .p H  =  —    r ...............................................    ( 1 0 . 4 )
(e  -  e t t ) + (w, + r  .. ) 2v i b  I I  4  d v i b
w h e r e ,  r e p r e s e n t s  t h e  d a m p in g  w i d t h  o f  t h e  v i b r a t i o n a l  l e v e l  w i t h  
C l a s s - I I  l e v e l s ,  E ^  i s  t h e  e n e r g y  o f  t h e  v i b r a t i o n a l  l e v e l  a n d  E ^ ^  
a r e  t h e  e n e r g ie s  o f  t h e  C l a s s - I I  r e s o n a n c e s .  F i n a l l y ,  t h e  .a v e ra g e  
f i s s i o n  c r o s s  s e c t i o n  i s  g i v e n  b y  r e f .  ( l 0 . 7 ' ) o
.  „  g T < r n J > < r f I >  , T< a » > = E 2 7t A* —- -------------- r-- -—  x F
" J  D i -  ( r  T + r  + r „ i  + x r  fT)
J  n J  Y f  n *  J
( 1 0 . 5 )
w h e re  a n d  r  a r e  t h e  n e u t r o n  a n d  c a p t u r e  w id t h s  r e s p e c t i v e l y  o f  
C l a s s - I  r e s o n a n c e s ,  g j  i s  t h e  s p i n  w e i g h t i n g  f a c t o r  f o r  t o t a l  s p i n  J  
a n d  I  Pn ’ J  r e Pr e s e n ^ s s u m  n e u ^ r o n  i n e l a s t i c  s c a t t e r i n g
w i d t h s  o v e r  c h a n n e ls  t h a t  a r e  o p e n  a t  3 1 8  k e V  f o r  a  g i v e n  s p i n  s t a t e  
J .  . F d  i s  t h e  f l u c t u a t i o n  f a c t o r .  T h e  a v e r a g in g  o v e r  Tn  r  / T  
d e p e n d s  o n  s t a t i s t i c a l ’ d i s t r i b u t i o n  o f  t h e s e  w id t h s  a s  w e l l  a s  o n  
t h e i r  m ea n  v a lu e s #  I t  i s  u s u a l l y  w r i t t e n  i n  t h e  f o r m ,  1
=  d j d / l E  p J  . . . . . ' ( 1 0 . 6 )  V
w h e r e  r  i s  t h e  t o t a l  w i d t h .
T
T h e  f a c t o r  F  d e p e n d s  o n  t h e  r a t i o s  o f  t h e  m e a n s  o f  t h e s e
T
w id t h s  r e f .  ( 1 0 „ 7 ) .  F  i s  u n i t y  i f  t h e s e  w id t h s  a r e  u n i f o r m l y , ,  c o n s t a n t
from level to level. In the present calculations, where the widths
t a k e n  f r o m  r e f .  ( 1 0 . 3 )  a n d  a r e  i n d i c a t e d  i n  T a b le  13  o f  t h i s  c h a p t e r .  
T h is  m e th o d  o f  c a l c u l a t i n g  a v e r a g e  w id t h s . w a s  e m p lo y e d  t o  s a v e  
c o n s id e r a b le  c o m p u t in g  t i m e ,  i n  s i m u l a t i o n .
1O.3 T h e  S im u la t i o n  P r o c e d u r e
T h e  s i m u l a t i o n  w a s  c a r r i e d  o u t  t o  o b t a i n  f i s s i o n  c r o s s  s e c t i o n  
b a s e d  o n  t h e  t h e o r y  o u t l i n e d  i n  s e c t i o n  1 0 . 2 ,  i n  o r d e r  t o  s e e  t h a t  
t b e  s t r u c t u r e  o f  t h e  s im u la t e d  c r o s s  s e c t i o n  w a s  c o n s i s t e n t  w i t h  t h a t  
o f  t h e  o b s e r v e d  c r o s s  s e c t i o n .
I n  o r d e r  t o  s im u la t e  t h e ,  c r o s s  s e c t i o n ,  t h e  a r e a  u n d e r  t h e  
C l a s s - I  f i s s i o n  r e s o n a n c e s  w a s  d e d u c e d .  T b e  C l a s s - I  f i s s i o n  
r e s o n a n c e s  w e re  n o t  o b s e r v a b le  i n  t h e  s t r u c t u r e  d u e  t o  t b e  b r o a d  
r e s o l u t i o n  f u n c t i o n .  H o w e v e r ,  t h e  a r e a  u n d e r  t b e  C l a s s - I  r e s o n a n c e s  
c a n  b e  c a l c u l a t e d  b y  m e a n s  o f  t b e  e x p r e s s i o n ,
w h e r e  F ^ I  i s  t b e  f i s s i o n  w i d t h  o f  t h e  C l a s s - I  r e s o n a n c e s ,  a n d
• - ♦ "* - A '. T ’ ,
f l u c t u a t e ,  t h e  v a l u e s  o f  f a c t o r  F  f o r  J  =  1 / 2 ,  3/ 2 , 5 / 2  .h a s  b e e n
4 tv A*2 n^ £ff r
w h ic h  c a n  be  w r i t t e n  a s
<J0 rfi = 4.05 X 106 £  p J g J  < r n > < r f  I >  J  
J  t, J  „  . <  r >
(10.7)
O
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Table 15
i j . 4
0  1 /2  ••• , 6 * 4  eV
1 3 / 2  3 . 2  eV
2 5 / 2  2 .1  eV
1.0  1.0  ' 0.5
2 . 0  0 . 0 7 6 9  • 0 . 5 8
3 . 0  0 .0 7 6  9  0 .6 1
0 .0 6  e V . 
0 . 2 3  eV 
0 . 1 5  eV
H e r e ,
P j  i s  t h e  s p i n  d e p e n d e n t  p e n e t r a t i o n  f a c t o r  r e f .  ( 1 0 . 1 )
g j  i s  t h e  s p i n  d e p e n d e n t  w e i g h t i n g  f a c t o r
r  i s  t h e  t o t a l  w i d t h  g i v e n  b y
r  ~  r + r y r + r i
n  Y n ' J  f
w h e r e  f a  i s  t a k e n  t o  b e , ( l O .  1 )  0 . 0 4  eV  a n d  i s  d e r i v e d  f r o m  t h e
s t r e n g t h  f u n c t i o n  SQ =  1 . 0 9  x  1 0 ~ 4  r e f .  ( 1 . 1 2 )  u s i n g  F n  =  fa  x / e ^
- 4  J  r  J
1 . 0 9  x  10  D I  V E j ,  u s i n g  D I  a t  3 1 8  k e V  d e r i v e d  f r o m  C a m e ro n
J  J
f o r m u l a ,  r e f .  ( l t ) * 6 ) .  T h e  v a l u e s  o f  P j ,  g j ,  D I  ,  f a t j f  f  a r e  
g i v e n  i n  t a b l e  13 *
I n  o r d e r  t o  d e d u c e  t h e  v a l u e s  o f  t h e  q u a n t i t i e s -  o n  th e .
r i g h t  h a n d  s id e  o f  E q .  ( 1 0 . 2 )  h a v e  t o  b e  e v a lu a t e d .  E q .  ( 1 0 - 2 )  c a n  
b e  r e - w r i t t e n  a s ,
r  i  = < h " > 2 r 11 <  -  2 1 —  >  . . . . . ( 10. 8 )
1 1 A E  +  ¥
T h e  u n k n o w n  p a r a m e te r s  i n v o l v e d  i n  E q .  ( 1 0 . 8 )  a r e
2
( 1 )  < H "  >  ,  w h ic h  i s  d e p e n d e n t  o n  a n o t h e r  u n k n o w n  q u a n t i t y  a s
c a n  b e  s e e n  f r o m  E q . ( 1 0 - 1 ) .
v 2
( 2 )  ¥ ,  t h e  s p r e a d in g  w i d t h  i s  d e p e n d e n t  o n  t h e  v a l u e  o f  < H "  >  a n d
h a s  a l r e a d y  b e e n  d e f i n e d  i n  C h a p t e r  8 ,  r e f .  ( 1 . 2 4 )  v i z .
W =  0 . 8 3  / < B " > 2 2  , r i j p !    ( 1 0 . 9 )
D I 2
( 3 )  T h e  a v e r a g in g  f a c t o r
(A E )  +  W‘
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( 4 )  r f I I ,  w h ic h  d e p e n d s  o n  tw o  u n la iw o n  p a r a m e te r s  E q .  ( 1O .4 ) ,  i - e .
( 5 )  Wd w h ic h  i s  a s s u m e d  t o  h e  a n  in d e p e n d e n t  v a r i a b l e .
( 6 )  F y . ^ ,  w h ic h  i s  a  d e p e n d e n t  v a r i a b l e  o n  u n k n o w n  p a r a m e te r
[ E q .  ( 1 0 . 3 ) ]  . •
T b e  k n o w n  p a r a m e te r s  t h a t  w e r e  o b t a in e d  f r o m  t h e  e x p e r im e n t a l  r e s u l t s  
a t  3 1 8  k e V  c a n  b e  d i v i d e d  i n t o  tw o  c a t e g o r i e s ,
( a )  T b e  G r o s s  S t r u c t u r e  P a r a m e te r s
P ro m  t h e  b r o a d  r e s o n a n c e  a t  3 1 8  k e V  P i g .  ( 9 * 4 - b )  > tw o  q u a n t i t i e s  
w e r e  e v a lu a t e d
( i )  T h e  p e a k  v a l u e  o f  t h e  a v e r a g e  f i s s i o n  c r o s s  s e c t i o n ,  < a „ > ^
X XUcl3C
w a s 0 . 0 6 8 b .
( i i )  T h e  FWHM o f  t b e  b r o a d  r e s o n a n c e  w a s  o b t a in e d  a s  ( 4 8  +  4 )  k e V
a n d  i s  r e p r e s e n t e d  b y  t h e  q u a n t i t y  ( F  ^  +  W d) a s  t h e  h a l f  w i d t h
o f  t h e  C l a s s - I I  r e s o n a n c e s  [ E q .  ( 1 0 . 4 )  ] , s o  t h a t  we h a v e ,  t b e
o b s e r v e d  w i d t h ,  W , a s ,  
o b s
Wo. = ( r T i b  +  w d )  =  ( 4 8  +  4 )  k e V  . . . . .  ( 1 0 . 1 0 )
( b )  T h e  I n t e r m e d i a t e  S t r u c t u r e
T b e  p a r a m e te r s  o f  t b e  i n t e r m e d i a t e  s t r u c t u r e  d e r i v e d  f r o m  t h e  r e s u l t s ,  
i . e .  t b e  q u a n t i t i e s  < H  >, < W > , < D > o f  t b e  r e s o n a n c e s  a r e  a l r e a d y
g i v e n  i n  t a b l e  1 0 .  .
I t  c a n  b e  s e e n  f r o m  t h e  a b o v e  d i s c u s s i o n  o f  k n o w n  a n d  u n k n o w n  
p a r a m e te r s  t h a t  t b e  n u m b e r  o f  v a r i a b l e s  i s  l a r g e r  t h a n  t b e  n u m b e r  o f  
c o n s t r a i n t s ,  a n d  i n  t h i s  s i t u a t i o n  i t  i s  d i f f i c u l t  t o  f i n d  a  u n iq u e  \  
s o l u t i o n .  H o w e v e r ,  t h e  r e s u l t s  f r o m  t b e  lo w  e n e r g y  d a t a  o f -  J a m e s  
a n d  R ae  r e f .  ( 1 . 1 1 )  w e r e  u t i l i z e d  t o  e v a lu a t e  o n e  o f  t h e  u n k n o w n  
p a r a m e t e r s ,  V ^ ,  a n d  h e n c e  t b e  v a l u e s # o f  < H ” > 2 a n d  W a t  3 1 8  k e V  w e re
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d e d u c e d .  T he  h i g h  e n e r g y  r e s u l t s  w e re  u t i l i z e d  t o  d e d u c e  f i ^ b  a n d  Wd 
f r o m  t h e  e s t im a t e  o f  S -w a v e  c o n t r i b u t i o n  t o  f i s s i o n  c r o s s  s e c t i o n  a t  
3 1 8  k e V .  T h e  m e th o d  o f  f i t t i n g  t h e  u n k n o w n  p a r a m e te r s  l i s t e d  f r o m
( 1 )  t o  ( 6 )  f r o m  lo w  a n d  h i g h  e n e r g y  r e s u l t s  i s  d i s c u s s e d  i n  t h e  
f o l l o w i n g  s e c t i o n .  ■ . ■
1 0 .3 .1  T h e  f i t t i n g  o f  t h e  P a r a m e te r s
T h e  f i t t i n g  o f  t h e  p a r a m e te r s  l i s t e d  f r o m  ( l )  t o  ( 6 )  w i l l  b e  
d i s c u s s e d  i n  r e s p e c t i v e  o r d e r .
. ■- -r
(1  )  T o  e v a lu a t e  <  H M > o r  f r o m  L o w  E n e r g y  D a ta
—  2
T h e  a v e r a g e  v a l u e  o f  t h e  c o u p l i n g  m a t r i x  e le m e n ts  < H H>  c a n  
b e  c a l c u l a t e d  b y  s u b s t i t u t i n g  t h e  r e l e v a n t  p a r a m e te r s  i n  E q .  ( 1 0 . 1 ) ,  
n a m e ly  i n  E q u a t io n ,
 . p i  pn . ■___________ i___________
< H , ,>  =  4 = t2  [1  +  e x p  { 2 ^ ( V a  -  E n ) / h w / ] . .
D I d  i s  g i v e n  i n  t a b l e  13 a n d  D I I  =  3 k e Y ,  hca^ w a s  a s s u m e d  t o  b e  
1 0 0 0  k e V .  r e f .  ( 1 0 . 1 )  T h e  v a l u e  o f  w a s  d e d u c e d  f r o m  t h e  v a l u e  o f  
< H " > 2 a l r e a d y  o b ta in e d " 7 a t  lo w  e n e r g y  f r o m  J a m e s  a n d  H ae r e f .  ( 1 . 1 1 )
 , Q
d a t a .  A t  E ^ ^  «  0 . 7  k e V ,  t h e  v a l u e  o f  < H " >  r e f .  ( 1 . 1 1 )  w a s  
2
1 1 5  eV  • B y  s u b s t i t u t i n g  t h i s  v a l u e  i n  t h e  a b o v e  E q u a t io n ,  t h e  v a l u e
o f  V A  w a s  d e d u c e d  t o  b e  v ~ 4 6 0  k e V .  H a v in g  t h u s  f i x e d  t h e  v a l u e  o f
—  2
V ^ ,  t h e  m e a n - v a lu e  o f  t h e  c o u p l i n g  m a t r i x  e le m e n ts  <  H " >  a t  E ^ j  '=
3 1 8  k e V  w a s  c a l c u l a t e d  w i t h  t h e  h e lp  o f  t h e  a b o v e  e q u a t i o n .
( 2 )  T h e  S p r e a d in g  w i d t h  W .
T h e  s p r e a d in g  w i d t h  w a s  e a s y  t o  c a l c u l a t e  f r o m  E q .  ( 1 0 . 9)  a f t e r  
f i x i n g  t h e  v a l u e  o f  a n d  t h a t  o f  < H " > 2 a t  . T h e  s t a t i s t i c a l  
f l u c t u a t i o n  “ i n  W d e p e n d s  o n  t h e  s t a t i s t i c a l - f l u c t u a t i o n  o n  < H " >  
a n d ' i s  d i s c u s s e d  l a t e r  i n  t h i s  c h a p t e r .
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( 3 )  T h e  a v e r a g in g  f a c t o r \   ------
 ___________ (ae) 2 + w2
I n s t e a d  o f  e v a l u a t i n g  F ^ I  f o r  e a c h  i n d i v i d u a l  l e v e l  a t  E ^ ,  
c o n s id e r a b le  c o m p u t in g  t im e  w a s  s a v e d  i n  t b e  p r o c e s s  o f  s i m u l a t i o n  
b y  e v a l u a t i n g  T ^ I  b y  c a l c u l a t i n g  t b e  a v e r a g e  v a l u e  o f  t b e  e x p r e s s i o n ,
<- 1
(a e )  +  w"
:>
T h is  e x p r e s s io n  c a n  b e  w r i t t e n  a s
<
( a e ) 2 +  w2 > -
1
W D I I
t a n
AE
W
D I I
0
... (10.11)
w h e re  i^ E  =  w a s  v a r i e d ‘ b e tw e e n -5 0 0  k e V  t o  + 5 0 0  k e V
i n t o  1 5 0  k e V  i n t e r v a l s  f o r  l e v e l s  w i t h  s p a c in g  D I I .  T h i s  m e th o d  o f  
a v e r a g in g  w a s  a l s o  h e l p f u l  i n  e v a l u a t i n g  F ^ I I  f r o m  t b e  S -w a v e  
c o n t r i b u t i o n  t o  f i s s i o n  c r o s s  s e c t i o n  t o  b e  d is c u s s e d  i n  ( 4 )  b e lo w .
( 4)  C a l c u l a t i o n  o f  F ^ I I
- . f t  • ■
I t  w a s  d i f f i c u l t  t o  s im u la t e  F  I I  f r o m  t h e  e q u a t i o n ,
r f n  =
D I I  r v i b  x  Wd
(E v l b  -  E t t  f■+ 4  (  +  W d)I I v i b
a s  i t  i n v o l v e d  u n k n o w n  p a r a m e te r s  Wd a n d  F  t b e  l a t t e r  b e in g  
d e p e n d e n t  o n  u n k n o w n  p a r a m e te r  V ^ ,  u n le s s  som e i n f o r m a t i o n  a b o u t  
t h e s e  q u a n t i t i e s  w e r e  e x t r a c t e d  ' f r o m  t b e  e x p e r im e n t a l  r e s u l t s .  'T h e  
o n l y  k n o w n  f a c t o r  i n v o l v i n g  b o t h  F  ^  a n d  Wd w a s  t h e  q u a n t i t y  
(  F  £ k '+ * W d )  =  4 8  +  4  k e V  a s  t h e  h a l f  w i d t h ,  (w 0 ^ s e r v -e(j )  o f  i k e  
C l a s s - I I  f i s s i o n  w i d t h s ,  o b t a in e d  f r o m  t b e  e x p e r i m e n t a l  r e s u l t s .
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1T h e  v a lu e s  o f  F a n d  Wd w e r e  d e d u c e d  f r o m < c r „ >  a n d  t h e  vid f m ax
o b s e r v e d  w i d t h  ¥  , o f  t h e  b r o a d  r e s o n a n c e  b y  c a l c u l a t i n g  < 0 , ,  > 
yg j  o os  I  m ax
t  <cfe  "by c o m p u te r  s i m u l a t i o n  a n d  u s i n g  a n  e s t im a t e  v a l u s  o fo i  m ax
< o „  J  =  1 / 2  >  . d e r i v e d  f r o m  t h e  s p i n  d e p e n d e n c e  o f  o „  ( s e c t i o n
x m ax x
9 . 6 . 1 )  t o ' e s t a b l i s h  s t a r t i n g  v a l u e s  f o r  t h e  c a l c u l a t i o n . .
F i r s t  r  I  w a s  e s t im a t e d  f r o m  t h e  e x p r e s s i o n  .
p p I
( S - w a v e )  == 27 t  A 2 g  - I L ..F —
S in c e  ( s - w a v e ) '=  0 . 0 5 b  ( s e c t i o n  9 . 6 . 1 )  a n d
27t A * 2  g / D j  w  12. 5/ 6.4
F ^  =  0 . 5  t a k e n  f r o m  r e f .  ( 1 0 . 3 )
T  '=  0 , 4  e V ,  a n d•n *
V =  (  r n  +  % - V  +  V *  =  +  r f i )
E q .  ( 1 0 . 1 2 )  y i e l d s ,
Tf I  -  0 . 0 7 3  e V .
r f I I  w a s  t h e n  d e d u c e d  f r o m  t h e  e x p r e s s io n
r . i  = r  1 1  <1F>2 <  ——J------ p >
1 1 (a e )  +  w
  ( 10 . 12 )
1.66 r  1 1
w h e r e  1 .6 6
D I
D I I
<  H n >  
W D II
tan—1 A E  ¥
. . . . .  '(IO0I3)
D I I
0
for a. value of tan-  1 A E  ¥
¥  ~  0 .8 3
n / 2  a n d
<H»>2
D I
- .75 .
o f  F ^ I I  w a s  s u b s t i t u t e d  i n  t b e  e x p r e s s i o n ,  ( E q .  1 0 . 4)
_ TT r  x  Wd 
=  D I I  v i b
Eq. (10.13) yielded a value of F^ II ~ 57*3 ©7. The estimated value.
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a t  Ey i -b =  E j j .  =  3 1 8  lc e V . B y  s u b s t i t u t i n g  (  r y i ^  +  W d) ~  (48 +  4 ')  k e V  
i n  t h e  a b o v e  E q u a t io n ,  a n d  e l i m i n a t i n g  Wd i t  w a s  f o u n d  t h a t  r v i b  ~
1 . 4  k e V .  A s s u m i n g 'h ^  a n d  D ^  a s  8 0 0  k e V  e a c h ,  a n d  s u b s t i t u t i n g  
r y i b  ~  1 * 4  k e V  i n  E q .  ( 1 0 . 3 ) >  v i z :
D .-u , •r vib__  1________________
v i b  2  71 (1 + exp{27t(vA -
a t  E j j  =  3 1 8  k e V  y i e l d s
V B -  8 9 2  k e V  . . . . .  ( 1 0 . 1 4 )
I t  m e a n s  t h a t  Wd ~ 4 6 . 6  lc e V , k e e p in g  i n  m in d  t h a t  t b e  t o t a l  o b s e r v e d  
w i d t h  h a d  a n  u n c e r t a i n t y  o f  +  4  k e V .  I n  o r d e r  t o  c h e c k  t h a t  
i s  t b e  l e s s e r  o n e  o f  t b e  tw o  i n  +  W d ) » tb e  e s t im a t e d  v a l u e s  o f
V g  a n d  Wd w e re  u t i l i z e d  t o  c a l c u l a t e  F ^ I I  a t  lo w  e n e r g y ,  E ^ ^  ^  0 , 7  k e V .  
On f i x i n g  a t  ~  8 9 2  k e V ,  F  ^  a t  lo w  e n e r g y  w a s  e v a lu a t e d  t o  b e  
0 .1 2 6  k e V ,  y i e l d i n g  a  v a l u e  o f  F^.11  ~  0 . 0 6 2  e V . C o m p a r in g  t h i s  
w i t h  t h e  v a l u e  o f  F  11  =  0 . 3  eV a t  lo w  e n e r g y  o b t a in e d  e x p e r i m e n t a l l y ,
1
i t  i s  f o u n d  t h a t  t b e  c a l c u l a t e d  v a l u e  o f  ( r ^ I l ) 2 i s  o n l y  1 . 7  s t a n d a r d  
d e v i a t i o n  a w a y  f r o m  t h e  e x p e r i m e n t a l  v a l u e  o f  ( f ^ I l ) 2 ® T h is  
r e p r e s e n t s  a g r e e m e n t  a n d  t b e  s i m u l a t i o n  w a s  c a r r i e d  o u t .  T h u s  
s u m m a r iz in g  t h e  a b o v e  d i s c u s s i o n , t b e  f o l l o w i n g  p a r a m e te r s  w e r e  u s e d  
o n  t h e  b a s i s  o f  t b e  s t a r t i n g  c a l c u l a t i o n s  d e s c r ib e d  a b o v e  t o  s im u la t e  
t b e  c r o s s  s e c t i o n .
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V A “
4 6 0  k e V ( d e d u c e d  f r o m  lo w  e n e r g y  r e s u l t s )
VB
8 9 2  k e V ( d e d u c e d  f r o m  h i g h  e n e r g y  r e s u l t s )
h  A =
1 0 0 0  k e Y  )
h  B =
8 0 0  k e V I A s s u m e d  v a lu e s  r e f .  ( 1 0 . 1 )
D =  
v i b
8 0 0  k e V  J
Wd /v 46.6 k e V ( d e d u c e d  f r o m  h i g h  e n e r g y  r e s u l t s )
T h e  f i t t i n g  o f  t h e s e  p a r a m e te r s  y i e l d  a  s im u la t e d  f i s s i o n  c r o s s  
. s e c t i o n  w i t h  s t r u c t u r e  w h ic h  w a s  f a i r l y  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  
o n e ,  a s  i s  d is c u s s e d  i n  s e c t i o n  1 0 . 4 .
I n  t h e  s i m u l a t i o n  p r o c e s s  t h e  a r e a  u n d e r  t h e  C l a s s - I  f i s s i o n  
r e s o n a n c e s  w a s  g e n e r a t e d  u t i l i z i n g  E q u a t io n  ( 1 0 . 7 ) *  I n  t h i s  p r o c e s s  
t h e  a v e r a g e  v a l u e s  o f  f i s s i o n  c r o s s  s e c t i o n  o v e r  1 k e Y  i n t e r v a l s 1 w e r e  
d e r i v e d  o v e r  t h e  e n e r g y  r a n g e  o f  2 5 0  k e Y  t o  4 0 0  lc e V , f o r  1 5 0  p o i n t s  
f o r  v a l u e s  E ^  o v e r  t h i s  r a n g e .  T h e  v a l u e s  o f  E ^  w e r e  r a n d o m ly  
s e l e c t e d  f r o m  a  W ig n e r  r e f .  ( 1 0 . 4 )  d i s t r i b u t i o n  w i t h  a n  a v e r a g e  
s p a c in g  D I I  =  3  k e V .  W ig n e r  d i s t r i b u t i o n  i s  g i v e n  b y
JL
E I I  =  E I I  '+  [ - 1 * 2 7 3 2 4  I n  (1  -  r )  ] 2 x  D I I    ( 1 0 . 1 5 )
( o r i g i n a l )
w h e r e  r  i s  a  ra n d o m  n u m b e r  g e n e r a t e d  b y  a  s u b r o u t i n e  F A O IA S , r e f .
( 1 O .5 )  w h ic h  g i v e s  ra n d o m  n u m b e rs  u n i f o r m l y  s p a c e d  o v e r  t h e  r a n g e  
0  t o  1 .  S i m i l a r l y ,  t h e  v a l u e s  o f  w e r e  s e l e c t e d  f r o m  W ig n e r  
d i s t r i b u t i o n .
jl
E j  =  E j  +  [ - 1 . 2 7 3 2 4  I n  (1  -  r )  ] 2 x  D I    ( 1 0 . 1 6 )o
( o r i g i n a l )
w i t h  a v e r a g e  s p a c in g  D I ,  o v e r  a n  e n e r g y  r a n g e  w h ic h  e x t e n d s - t o  3 * 5  k e V  
a b o v e  a n d  b e lo w  t h e  e n e r g y  i n t e r v a l  c o n t a i n i n g  E ^  ( o r  a  t o t a l  r a n g e  
o f  7  k e V ) .  T h e  d i s t r i b u t i o n  o f  < H U>  w e r e  s e l e c t e d  b y  a n o t h e r
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s u b r o u t i n e  w i t h  a  P o r te r - T h o m a s  r e f .  ( 1 . 1 T )  d i s t r i b u t i o n  a b o u t  t h e  
g i v e n  m e a n - v a lu e  o f  < H " > 2 . T h e  P o r t e r - T h o m a s  d i s t r i b u t i o n  i s  g i v e n
r iy  ' 7. • • . ' \  "  .
< H " > 2 =  < H " > 2 - 2  I n  ( r 1 )  c o s 2 2 ^ ( r 2 )
OT* ? * ' * ?
< H"> =  < H " >  ,
. w h e r e _L
x  =  ( - 2  I n  3?^)2 c o s  2 n  r ^
w h e r e  r ^  a n d  r 2 a r e  ra n d o m  n u m b e rs  g e n e r a t e d  b y  t h e  s u b r o u t i n e
F A O IA S  u n i f o r m l y  s p a c e d  o v e r  0  t o  1 ,  £ x  h a s  a  g a u s s ia n  d i s t r i b u t i o n  . ..
2 2
f r o m  —cr t o  +cr w i t h  z e r o  m ean a n d  u n i t  v a r i a n c e .  X  h a s  a . X  
d i s t r i b u t i o n  w i t h  o n e  d e g r e e  o f  f r e e d o m j . S i m i l a r l y  r / E I  a n d  1^.1 
w e r e  s e l e c t e d  b y  P o r t e r - T h o m a s  d i s t r i b u t i o n  w i t h  t h e i r  m ea n  a s  
r f I I  a n d  r f I  r e s p e c t i v e l y .  T h e  c r o s s  s e c t i o n a l  a r e a  w a s  d e r i v e d  
u s i n g  r n  s e l e c t e d  f r o m  t h e  P o r t e r - T h o m a s  d i s t r i b u t i o n  w i t h  T n> a s  
t h e  m ean  o f  t h e  d i s t r i b u t i o n ,  a n d  w a s  o b t a in e d  i n  a  s e r i e s  o f  1 k e V
tt
i n t e r v a l  i n  a  r a n g e  c o n t a i n i n g  E ^ .
F i n a l l y  a  r e s o l u t i o n  b r o a d e n in g  w a s  c a r r i e d  o u t  f o r  a  s y m m e t r ic
r e s o l u t i o n  f u n c t i o n  s h o w n  b y  c i r c l e s  i n  f i g .  ( 9 * 6 )  w h ic h  r e p r e s e n t s
t h e  p h o t o  f i s s i o n  p e a k  o b s e r v e d  d u r i n g  t h e  e x p e r im e n t .  T h e  d a t a
w e re  t h e n  r a n d o m ly  s c a t t e r e d  o v e r  a  g a u s s ia n  d i s t r i b u t i o n  c o r r e s p o n d in g
t o  20% e r r o r  a s s o c ia t e d  w i t h  t h e  o b s e r v e d  r e s u l t s .
1 0 .4  T h e  S t r u c t u r e  P a r a m e te r  d e r i v e d  f r o m  t h e  S im u la t e d  f i s s i o n  
c r o s s  s e c t i o n
1 0 . 4 . 1  T h e  G ro s s  S t r u c t u r e
( l )  T h e  f i s s i o n  c r o s s  s e c t i o n  w a s  s im u la t e d  f o r  a  r a n g e  o f
b e tw e e n  6 0 0  k e V  t o  1 2 0 0  k e V  f o r  a  r a n g e  o f  Wd b e tw e e n  1 0  t o  5 0  k e V ,
7 8  -  • • •
Table. 14
Wd = 46.6 keV 
VA = 460 keV 
VB (keV) Og max. 
.....600 0 .2 0  . 
892 0.070 
1200 0.011
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F i g .  ( 1 0 , 1 a )  s h o w s  a  p l o t  o f  t b e  p e a k  v a l u e ,  < 0 „ >  a g a in s tx iHcix
V-g f o r  Wd 46.6 k e V .  T h e  p e a k  v a l u e  o f  < c ^ > w a s  f i t t e d  t o
b e  . 0 6 8 b  f o r  a  v a l u e  o f  V ,, =  8 9 2  k e V .  T h i s  i s  i n  g o o d  a g r e e m e n tjtj
w i t h  t h e  e s t im a t e d  v a l u e s  d e s c r ib e d  i n  s e c t i o n  1 0 . 3» T a b le  14  ' 
s h o w s  t h e  s im u la t e d  a v e r a g e  v a l u e  o f  <  cr _ >  a v e r a g e d  o v e rX dctX
1 0  lceV i n t e r v a l  a n d  v a l u e s  o f  u s e d  t o  o b t a i n  t h e  g r a p h  i n  
f i g .  ( 1 0 . 1 a ) . .
( i i )  F i g  ( 1 0 . 1b ) s h o w s  o n e  o f  t h e  e x a m p le s  o f  t b e  s im u la t e d  b r o a d  
r e s o n a n c e .  F o r  . f o u r  s im u la t e d  s e t s  t h e  FWHM o f  t b e  r e s o n a n c e  
w a s  o b t a in e d  a s  75? 5 0 ,  6 0 ,  65 k e V .  T h e  a v e r a g e  v a l u e  o f  t h e s e  
w id t h s  i s  62 +  6 k e V ,  a s  c o m p a re d  t o  (48 +  4 ) k e V  a s  o b t a in e d  
e x p e r i m e n t a l l y .  T b e  d i f f e r e n c e  i n  t h e  s im u la t e d  a n d  t b e  
e x p e r im e n t a l  w id t h s  i s  a t t r i b u t e d  t o  s t a t i s t i c a l  f l u c t u a t i o n s  
i n  a v e r a g in g  t b e  d a t a .
1 0 . 4 * 2  T b e  S im u la t e d  I n t e r m e d ia t e  S t r u c t u r e
A  g r a p h  o f  s im u la t e d  c r o s s  s e c t i o n  a s  a  f u n c t i o n  o f  n e u t r o n*
e n e r g y  i s  p l o t t e d ,  i n  o r d e r  t o  c o m p a re  t b e  a v e r a g e  p a r a m e t e r s , <  H >, 
< W > , < D > w i t h  t h o s e  o f  t h e  e x p e r i m e n t a l  s t r u c t u r e .  T b e  f i g .  ( 1 0 . 2 ( a ) )  
s h o w s  t b e  p l o t  o f  t h e  r e s o n a n c e s  o b t a in e d  f r o m  t b e  e x p e r im e n t  f i g .  '
( 9. 5 ) c u r v e  B ,  f o r  t b e  s a k e  o f  c o m p a r is o n .  4  c a s e s  o f  t h e  s im u la t e d  
r e s o n a n c e s  a r e  s h o w n  i n  f i g .  ( 1 0 . 2 ) .  E a c h  s e t  i s  g e n e r a t e d  b y  a  
d i f f e r e n t  ra n d o m  n u m b e r  s e t  t o  i n i t i a t e  a t  a  g i v e n  E ^ .  T a b le  15 
s h o w s  t h e  v a l u e s  o f  t h e  s im u la t e d  p a r a m e te r s ,  <  H > , <  W >, <  D >  a v e r a g e d  
o v e r  a  n u m b e r  o f  r e s o n a n c e s  i n d i c a t e d  i n  t h e  t a b l e  ( c o r r e s p o n d in g  t o  
r e s o n a n c e s  o f  f i g .  ( 1 0 . 2 ) ) .
in order to cover adequate variation of the variables involved.
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1 s t  S e t
Table 15
o f  c a s e No o f  l e v e l s
<  H >  
( b )
< W >
( k e V )
< D >
( k e V )
<c7f  > m ax  
( b )
1 11 0 . 0 5 2 5 . 4
•r
1 1 . 8 0 . 0 6 0
2 9 0 . 0 4 8 6 . 9 1 1 . 7 0 . 0 4 8
3 9 0 . 0 7 0 5 . 4 8 . 8 0 .0 5 5
4 11 0 . 0 7 3 5 .1 1 2 : 3 0 . 0 7 0
T h e  A v e r a g e  V a lu e  o f  t h e  1S T  S e t
<  H >  =  0 .0 6 5  +  . 0 0 8  h
< W >  =  5 . 6  + 0 . 5  k e V
< D >  =  1 1 .1  +  0 . 9  k e V
< O f >  =  0 . 0 5 8  +  . 0 0 5  b  
m ax
I n  T a b le  1 6 ,  t h e  a v e r a g e  p a r a m e te r s  a r e  l i s t e d  f o r  a  s e c o n d  s e t  o f  
r e s o n a n c e s ,  a  t y p i c a l  e x a m p le  o f  w h ic h  i s  s h o w n  i n  f i g .  1 0 „3 »  T a b le  
1 7  c o m p a re s  t h e  tw o  s e t s  w i t h  t h e  e x p e r im e n t a l  r e s u l t s .  T h e  e r r o r s  
i n < H > ,  < W >  a r e  c a l c u l a t e d  a s s u m in g  a  g a u s s ia n  d i s t r i b u t i o n ,  b u t  t h e  
e r r o r  i n < * D > i s  c a l c u l a t e d  f o r  a  W ig n e r  d i s t r i b u t i o n  r e f .  ( 9 * 4 )  a n d  
i s  g i v e n  b y  D w h e r e  n  i s  t h e  n u m b e r o f  l e v e l s .  B y  c o m p a r in g
t h e  s im u la t e d  s e t s  o f  t h e  s t r u c t u r e  w i t h  t h e  e x p e r im e n t a l  o n e  i t  c a n  
b e  s e e n  t h a t  t h e  tw o  s e t s  a r e  f a i r l y  c o n s i s t e n t ,  a n d  t h e  s im u la t e d  
p a r a m e te r s  a r e  w i t h i n  o n e  s t a n d a r d  d e v i a t i o n  o f  t h o s e  o f  e x p e r im e n t a l  
o n e s .
I n  o r d e r  t o  c h e c k  t h a t  t h e  a v e r a g in g  p r o c e s s  o f  < F ^ > ,  < F^.> , 
a n d  < F > a n d  t h a t  t h e  c o n s i d e r a t i o n  o f  f l u c t u a t i o n  f a c t o r  F 4  i n  t h e  
s i m u l a t i o n  w a s  j u s t i f i e d ,  a  f i n a l  s i m u l a t i o n  w a s  p e r f o r m e d .  T h is  w a s  
c a r r i e d  o u t  b y  t a k i n g  i n t o  a c c o u n t  e v e r y  s i n g l e  l e v e l  a t  E ^ ,  6.4 eV 
a p a r t ,  a n d  t o o k  2 0  t im e s  lo n g e r  c o m p u t in g  t im e  i n  t h e  p r o c e s s .  T h e  
v a l u e s  o f  E ^  w e r e  s e l e c t e d  b y  W ig n e r  d i s t r i b u t i o n  o v e r  a n  e n e r g y  
r a n g e  w h ic h  e x t e n d s  3 * 5  k e V  a b o v e  a n d  b e lo w  t h e  e n e r g y  i n t e r v a l
c o n t a i n i n g  E T T • I n  t h i s  p r o c e s s  t h e  a v e r a g in g  e x p r e s s i o n  w i t h
J  F r n  Ff X \
f l u c t u a t i o n  f a c t o r  F  i n  E q .  ( 1 0 . 5 )  w a s  r e p la c e d  b y \  p  /  .
T h is  t o o k  c a r e  o f  t h e  f l u c t u a t i o n  f a c t o r  a n d  s h o w e d  t h a t  t h e  r e s u l t s
o b t a in e d  i n  t h i s  w a y  w e r e  c o n s i s t e n t  w i t h  t h o s e  o b t a in e d  b y  t a l c i n g
f l u c t u a t i o n  f a c t o r  i n t o  a c c o u n t .  T a b le  18  l i s t s  t h e  p a r a m e te r s
o b t a in e d  i n  t h e  f i n a l  s i m u l a t i o n  p r o c e s s .  T h e s e  p a r a m e te r s  a r e  ( F i g . 1 0 . 4 )
f a i r l y  c o n s i s t e n t  w i t h  t h o s e  o f  t h e  e x p e r im e n t .  T h e  c o n s i s t e n c y  o f
t h e  s im u la t e d  r e s u l t s  w a s  t e s t e d  b y  c a r r y i n g  o t i t  a  X  t e s t  o n  t h e
2
tw o  d a t a  s e t s .  T a b le  1 9  s h o w s  t h e  X  - d i s t r i b u t i o n  o f  t h e  t h r e e  
s im u la t e d  s e t s , ,  t h e  l a s t  o n e  b e lo n g i n g  t o  t h e  f i n a l  s i m u l a t i o n  
m e n t io n e d  i n  t a b l e  1 8 .  T h e  s i g n i f i c a n c e  l e v e l s  w e r e  o b t a in e d  b y
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Table 16
2 n d  S e t
o f  c a s e s N o  o f  l e v e l s
Atn 
+5 
V
< W >  
k e V  •
< D >
k e V
< % >  f  ma
b
1 10 0 .0 6 1 5 6 . 3 1 1 .7 0 . 0 8 7
2 10 O .O 645 7 . 1 8 1 2 .4 5 0 . 0 9 2
3 12 0 .0 5 2 6 5 . 1 2 1 0 .7 2 0 . 1 1 0
4 9 0 .0 4 5 3 6 . 6 1 3 .6 8 0 .0 8 5
A v e r a g e  V a lu e s  o f  t h e  2 n d  s e t
< H  >  =  0 .0 5 6  +  . 0 0 4 4  b  
< W >  =  6 . 2  +  0 . 6  k e V
< D >  =  1 2 .3  +  2 . 0  k e V
< 0 _ >  =  0 . 0 9 4  +  . 0 2 0  b  
f  m ax -
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S im u la t e d  
S e t  1 S e t  2
< H >  0 .0 6 5  +  . 0 0 8  b  0 .0 5 6  +  .0 0 4 4  b
< ¥ >  5 . 6  +  0 . 5  k e V  6 . 2  +  0 . 6  k e V
< D >  1 1 .1  +  0 . 9  k e V  1 2 . 3  +  3 . 1 7  k e V
< 0 f > m ax ° * ° 5 8  t  * 0 ° 5  b  0 . 0 9 4  +  . 0 2  b
Table 17
Comparison with the Experiment
E x p e r im e n t
0 .0 7 2  +  .0 0 5  b  
6 . 8  +  0 . 8  k e V
1 2 .5  +  2 .1  k e V  
0 . 0 6 8  +  0 .0 1 3  b
— to
o Z  o
sT a b le  1 8  
1 . F i n a l  S im u l a t i o n
F i n a l  S e t  E x p e r im e n t
< H >  0 . 0 4 2  +  .0 0 6  b  0 . 0 7 2  +  .0 0 5  b
< W >  7 . 5  f  1 . 4  k e V  ■ 6 . 8  + 0 . 8  k e V
< D >  1 0 . 9  +  1 . 7  k e V  1 2 . 5  + 2 . 1  k e V
<<?_> 0^ 048 + .0096 b 0.068 + .013 b
x m ax . "** *•
\
«
Table 19
Set * ‘ S ig n ifican ce  le v e l
1 1.692 • 35%
2 0.895 18.7%
FINAL 1.38 ‘‘ • 29%
considering
• • ' 2 * * •«*■ * 
v 2 _ y  ^ s i n  ^expt^ •
A • —’ p A
' ° 1  + °2 '
where Q^pn an& Qe;xp^ a re  the sim ulated  and experim ental q u a n ti t ie s  
and 1^  and 1^ are the  re sp ec tiv e  e r ro rs .  The s ig n ific a n ce  le v e l is  
derived from the  p ro b a b ility  p (x )  of the  q u a n t i t ie s ,  Q . « a r is in g
S i l l
from a popu la tion  of Qexp? where
\ / 2 X 2  ~ V2 v  -  j 
1
i s  the normal d ev ia te  w ith u n i t  variance  r e f .  (9 .2 ) . Thus p (x )  i s  . 
obtained from the  ta b le s  r e f .  ( 9. 2) i f  x i s  c a lc u la te d  f o r  given
v 2number of degrees of freedom v e In  th is  case v  -  3* The -  t e s t
shows th a t  the  p ro b a b ility  of the. sim ulated data a r is in g  from the
experim ental da ta  as 35$? 18$, and 28$ re sp e c tiv e ly  fo r  the  3 s e ts
of data  shown in  ta b le s  17 and 18. However i t  i s  d i f f i c u l t  to judge
the  t e s t  c a rr ie d  out in  th is  way as the  formula ^2 A 2 -  V z  v  -  1
holds good fo r  v  > 5. F in a lly  ta b le s  20, 21 and 22 l i s t  the
sim ulated  f is s io n  cross sec tio n . Table 20 i s  a ty p ic a l example of
the sim ulated cross sec tio n  obtained  corresponding to  one of the
s e ts  of resonances in  the p lo ts  o f f ig .  10.2. In  th i s  case the
Jc ro ss  sec tio n  was derived  by talcing F in to  account fo r  each value 
of J  = 1 /2 , 3 /2 , 5 /2 . Table 21 g ives the sim ulated f is s io n  cross 
sec tio n  obtained in  f in a l  s im u la tio n . Table 22 shows the  average 
cross sec tio n  (^f )max obtained by averaging da ta  fo r  each 10 keV 
in te rv a l  fo r  a t o t a l  of 150 lceV. These values when .p lo tted  gave a 
sim ulated broad resonance d iscussed  in  ( i i )  of S ection  10.4*1 «
I t  has been shown th a t  the r e s u l t s  of the p resen t experiment
e s ta b lis h  the ex istence  of the in te rm ed ia te  s tru c tu re  in  the f is s io n  
234cross sec tio n  of U a t  near sub thresho ld  reg ion  of 318 keV. As . 
p red ic ted  by Lynn, th is  s tru c tu re  is  asso c ia ted  w ith  the C la ss -II  
compound s ta te s ;  admixed w ith the v ib ra tio n a l s ta te  in  the second 
minimum of the p o te n tia l  energy curve o f the deformed nucleus.
To support the evidence of the e x is tin g  s tru c tu re , the f is s io n  
cross sec tio n  has been th e o re t ic a l ly  sim ulated . The s tru c tu re  
obtained from the  s im ula tion  i s  c o n sis ten t w ith  the observed s tru c tu re  
The sim ula tion  has a lso  a ided  a number of param eters, in p u t as unknown 
to  be determ ined. These param eters when f i t t e d  y ie ld  c o n s is te n t data 
w ith the observed da ta . I t  has. been found in  the process of simula­
tio n , th a t  t h e .in term ed ia te  b a r r ie r  does not s ig n if ic a n tly  a f fe c t  
the s tru c tu re  (This was found th a t  by vary ing  from 460 to  890 keV 
the  s tru c tu re  did  not change e f fe c t iv e ly ) .  The b e st sim ulated data 
re su lte d  when V- was f i t t e d  to  be h igher (892 keV) compared to  the 
p rev iously  assumed value of about 6p0 keV. r e f  (l.24)«  The damping 
width Wd was found to  be f a i r l y  c o n sis ten t w ith the previous observa­
tio n  as in d ica ted  to  be o f ~  30-80 keY r e f .  (1.24-) • At the same time 
the ex istence  of a v ib ra t io n a l  le v e l has been confirmed and i s  
in d ica ted  by a broad resonance a t  318 keV. The f is s io n .c r o s s  sec tio n  
a t  the broad resonance i s  found to  be 0. 16b and i s  c o n s is te n t w ith 
the value observed by Lamphere a t  th i s  energy reg ion .
I t  was a lso  p red ic ted  by Lynn r e f .  (1 .24) th a t the s tru c tu re  
found a t low energ ies by James and Hae may be a sso c ia ted  w ith  the 
wing of a damped v ib ra t io n a l  le v e l p o ssib ly  a t  318 keY. I t  has been 
shown, in  view of th is  p re d ic tio n , th a t  the  square ro o t of C la ss -II
10.5 Conclusions
- 82 -
f is s io n  w idth , ( F ^ I l)2 c a lc u la te d  on the b a s is  of s im u la tio n , is  
only 1.7 standard  d ev ia tio n  away from th a t  obtained by James and 
Rae’s experiment a t  low en erg ies . Although the  r e s u l ts  could be 
improved by rep ea tin g  the experim ent, and having d e tec ted  more events 
w il l  improve the  s t a t i s t i c s ,  i t  seems u n lik e ly  th a t  th i s  w ill  give . 
more inform ation  about q u a n ti t ie s  l ik e  V. and VY w ithout an order of
A x>
m ag n itu d e  o f  im provem ent th a n  h av e  a l r e a d y  b ee n  e x p lo r e d .  The
measurements of angular d is t r ib u t io n  of f i s s io n  fragments w il l  confirm
the c o n trib u tio n  of s and d wave to  the  f is s io n  cross sec tio n  a t
234
318 lceV. The e x p e r im e n t on f i s s i o n  is o m e rs  o f  U w i l l  h e l p  i n
m ore a c c u r a te  d e te r m in a t io n  o f  Vt,# B u t a s  f a r  a s  th e  in t e r m e d ia t e
n
s tru c tu re  a t  318 keV i s  concerned th i s  seems to  be almost a closed
■ 234 ■ '
c h a p te r  f o r  U a t  t h i s  e n e rg y .  Thus th e  o b j e c t i v e  s e t  o u t  f o r
c a r r y in g  o u t  th e  e x p e r im e n t seem s to  h av e  b ee n  f u l f i l l e d #
- 83 -
Table 20
Simulated f i ss i on  cross sect ion f o r  150 points between
250 to 400 keV
Wd = 46.6 keV VA = 460 keV V0 = 892 keV
1 o . c 41 0 !  3246-01 ’ 81 0 . 2 0 9 7 6  00 121 0 . 5 2 4 9 E - 0 1
0 . 0 4'2~" O . ~ 2 ? 2 T h - 0 r
1
~TiZ 0 . 2 6 9 3 6  00 122 0 . 7 7 6 0 6 - 0 1
3 0 . 0 4.3 0 .  30.7 7 E—01 P3 0 . 2 6 3 8 F  00 12 3 0 . 3 0 2  16- 01
4 0 . 1 4 7 5 F - 0 1 44 0 !  74?l  - 0 1 84 0 . 1 0 4 3 F  00 124 0 . 2 0 ? 4 c - 0  I
5 0 .  1095H-91 45 0 . 2 1 5 5 0 - 0 1 85 0 . 1023F 00 125 0 . 1 7 7 1 5 - 0 1
6 0 . 3 46 4 F - 0 2 4 6 0 . 1 5 1 9 F - 0 1 36 0 . 1 1 4 OF 0.0 126 0 . 1 8 2 2 F - 0 1
7 0 .  4<370E-0? 4 7 n . 7062F - 0 1 87 0 . 1 5 9 3 6  00 127 0 . 6 7 6 6 6 - 0 ?
P 0 . 1 0 1 3E- 01 43 0 . 7 5 0 1 6 - 0 1 88 0 . 8 0 5 3 F  — 01 128 0 . 9 0 1 / , r - n ?
Q 0 . 1 0 3 0 F - 0 1 49 0 . 4 5  3 56—01 • 89 0 . 1 2  09E 00 129 0 • ° 6 2 ° F - 0 2
10 0 . 7 8 4 4 F - 0 2 50 0 . 3 4 5 0 F - 0 1 90 0 . 8 0 1 6 E- 01 130 0 . 7 1 4 1 F - 02
11 0 . 1 0 0 + 6 - 0 1 51 0 . 7 3 3 0 6 —01 91 0 . 1 2 9 9 6  00 131 0 . 9 ? 3 + 6 - 0 2
12 0 . 1 3 4 1 6 - 0 1 52 0 . 7 6 4 9 6 . - 0 1 92 0 . 1 0 1 6 E  00 13? 0 . 4 9 9 + 6 - 0 2
17 0 . 2 0 4 7 F - 0 1 53 0 . 5 5 0 6 6 - 0 1 °  3 0 . 6 4 9 0 F - 0 1 133 0 . c n s 1F - 0 2
14 0 . 9 4 1 2 6 - 0 ? 54 0 .  7 ?7H6 — 01 94 0 . 5 0 8 3 F - 0 1 134 0 . 7 1 2 0 6 - 0 2
15 0 . 4  2 0 2 6 - 0 2 5 5 0 . 5 1 7 6 r - 01 05 0 .  66t>5E-01 135 0 . 1 2 4 4 6 - 0 1
1* 0 . ? 1 1 4 F - 0 2 56 0 . 2 2 7 3 6 - 0 1 96 0 . 4 3 4 R 6 - 0 1 1 36 0 !  1 166 - 01
17 0 . 1 4 0 8 6 - 0 2 57 0 . 7  7 0 3 F -  01 97 0 ! 2 8 ir; 00 137 0 . 1 2 0 1 F-01
IP 0 .  3 04 0E- 02 5P 0 ! 9 S 7 t - 0 1 93 0 . 1 6 5 3 F  00 138 0 !  2 5 o r - o i .
! 0 . 4 1 8 5 6 - 0 2 59 0 .  1334 6 - 0 1 99 0 . 1 3 2 0 E  00 1 3 ° 9 , c 4 0 ? r —02
?o r > 0 2 60 0 .  30 77 [ -  01 100 0 , 6 8 7 9 6 - 0 1 1 4 0 0 , 5 1 0 6 r - 0  2
21 0 .  ■>P66F — 02 6 1 0 . 1 2 2 4 F 00 101 0 . 1 1  OOF 00 14 1 0 . 4 7 5 6 P — 0?
22 0 . 205OC-02 (>? 0 . 6 6 6 + 6 - 0 1 102 0 .  3 4 5 2 6 - 0 1 14? 0 . 6 3 1 8 6 - 0 2
23 0 . 7 0 2 3 6 - 0 2 6 ? 0 . 6  1 6 0 1 - 0 1 1 07 0 . 3 0 7 0 6 - 0 1 1 47 0 .4 I 75 F -(}?
24 0 .  10Q1F-01 6 + 0 .  6 ‘»?6L-01 104 0 . 3 1 0 2 6 - 0 1 1 44 0 . 7 1 9 9 6 - 0 2
25 0 .  1 3 5 ° F - 0 1 65 0 . 4 0 r -  3 1 1 0 5 0 . 5 4 1 7 6 - 0 1 145 0 . 1 6 2 7 6 - 0 1
24 0 . 7 4 7 4 6 - 0 1 t  6 0 . 7 + 7 * « F - 0 l 1 06 0 . 9 8 1 3 F — 01 1 46 0 . 1 9 6 5 F-01
27 0 . 2 9 9 0 6 - 0 1 6 7 0 . 1 *»6 3 F 00 107 0 . 1 2 6 7 E  00 1 +7 0 . 2 6 2 7 F - 0 1
?.P 0.  .3 261 F - 01 6P 0 • ° ,;;57 f . - 0  1 103 0 . 1 1 7 5 6  OO 148 0 . 0
2* 0 .  4 4 4 0 F - 0 ] 69 0 .  M l  9 6 - 0 1 109 9 . 9 2 0 0 E - 0 1 14<5 0 . 0
30 0 . 6 4 5 3 6 - 0 1 70 0 .  A3 >9< - o i 1 10 0 .  74 876 - 01 150 0 . 0
M 0 .  2 3 9 1 0 0 1 7 1 0 . 10 ’ w c -  0 1 111 0 . 6 6 8 IF — 01
72 C . 176 56- 01 72 0 . 7 9 0 9 r - 0 1 3 12 0 . 7 20 7 F - 0 1
73 0 .  1 0 7 0 6 - 0  1 7 ^ 0 . 5 / ,  ? o f - o i 113 0 . 7 6 2 8 6 - 0 1
I'-. 0 .  7 + 4 9 6 - 0 ? 7+ 0 . < r  9 . f — 9 1 1 1 4 0 . 2 5 1 9 6 - 0 1
- 5 0 . 1 3 0 6 6 - 0 1 7 5 0 . 1  '* 3 r r 00 i 1 5 o # 7 e, 0 6 -  0 1
36 0 . 9 1 7 9 6 —02 7 1 0 . + 9  76f - 0 1 116 0 . 5 1 4 3 6 - 0 1
3 7 0 . 1 1 6 3  r - o i 77 0 .  ' 3 0 9 r - 4 1 1 1 7 0 . 6 1 2 6 5 - 0 1
38 0 • 1220C-01 7 d 0 . 4 7 4 7 6 - 0 ! I I P 0 .  5 4 4 0 6 - 0 1
39 0 . 1 0 63 F - 0 1 79 0 .  >967?-01 119 0 . 5771F- 01
40 0 .  1 16 6 6 - 0 1 po 0 • ! 7 11'* * 00 120 0 . 6 9 5 4 F - 01
fF in a l Simulated fis s io n  cross section  
Wd = 46.6 keV VA = 460 keV VB = 892 keV
Table 21
■>c tt. 7 42 . 34 2 2 5 -  0 1
. 7 .0 4 3 ' .  4 9 5 6 E -  tt 1
/•ft <». K S 5 E - 0 1 4 4 •* . 2  7 7 6 5 - 0 1
c 0 . 6 o 8 6 r - 9 ? 45 7. 2 8 4 F -  1
6 0 . 3 5 3 3 L - 7 2 46 . 1 ofi» E 1
7 •*'.1 I F- 0 2 47 2 1  ' 4 C- 1
8 ■*'. 3 6 5 2 F -  0 3 4 8 0 . 1 7 1 6 F - ' 1
o 0 . 9  2 16E-7 3 4 9 tt. 0 6 6 ? L—02
l r ^ . 149 9 F - 0 2 50 r' . 7 H * 2 E - 1 2
I i r . 2 2 4 3 6 - 0 2 51 ' . 1 1 5 6 P - 0 1
1 2 0 . 4  717 6 - 9 2 52 0 .  2 0 1 7 E -  tt 1
1 3 9 . 1 9 7 4 6 - 0 2 53 • "' .4' '  8 Jp- 0 1
1 A 7 . 2 6 7 9 6 - 0 2 3 4 9 . 6 5 1 7 c - 9 1
IS ( . . 1532E-D? 55 7 • fi fi 4 7 1 —!*' 1
! 6 p • fi 1 5 1F -  0 2 56 7. 8 4 4 1 E — 01
17 0 . 1 fi f  6 E -  7 I 5 7 . 6 5 4 '3 C -  ri I
1 8 n . 2 1 2 3 G 1 58 0 . 6 6 6 v 6 — •*. 1
I > 7 .  4 3656-9  1 59 2 8 6 6 2 - 0 1
•ft ft t t . j l 1 3F - DI 6 " 7 .  3 12 36-< 1
2 1 0 . 2 7 9 4 6 - 0 1 6 1 0 . 790 6 E- '  1
21 0 . 2 6 9 2 6 - 0 1 6 2 . . .  7<? j
?. 3 t t . 3212F- t t l 63 0 . 4 3 2 •  E — 7 1
?4 0 . 2 5 8 1 6 - 0 1 64 0 . 1 4 0 3 F  00
25 0 . 2 4  376 - 01 65 t t . 9 6 1 4 E - ^ l
24 0 . 1421F - 01 l>6 9.  5 3 521 - 0 1
27 0 . 8 1 3 2 6 - 0 2 67 t t . V 8 9 5 - 0 1
2 " 0 . 2 5 4 7 F - 3 ? 6 8 0 .  1 3 6 3 F- tt 1
2 9 t t . i 9 0 2 F - t t 2 69 ^• 9 8 8 h F - t t 2
3 r 0 . 1 6 5 5 F - n2 70 0 . 8 5 1 5 F - 0 2
? 1 0 . 1090E- t t2 7 1 0.  1 • 4 F — 7 1
5 •? 7 . i r  r r . F - 02 72 ' . 2 6 5 1 r -  r 1
3? 0 . 2  5 3 9 E - n 2 73 >. 4 1 6 -M->‘ 1
3 A 0 . 4 4 0 6 6 - 0 2 7'» 0 . 3 5 3 8 6 - 7  1
35 0 . 8 7 P 2 E - 0 2 75 0*341  ttF-'C 1
36 7 . 14 4f E-01 7 G tt. 36 7 8 - -  '1
37 0 . 1 681E- 01 77 0 . 5 3 5 7 6 - 6  1
38 n . 3372E-C 1 76 . 521 2E-0  1
39 t t . 4 3 3 4 E - 0 1 79 ■7 . 3 9 7  iff-*: 1
4 8 0 . 3 8 1 2 t - C l 80 0 • 4 61 4 C — 7 1
82 1 . 5 1 4 4 c —01 1 22 7 . 13*' 1 1
•’63 s A 3 5E — r 1 1 2 3 * 2 4 6 3 6 — 1
84 o . 4 8 1 9 E - 0 1 1.2 4 7 * 2 6 2 6 6 - " 1
fi 5 6 9 9 ^ C -91 125 7 . 3 5 5 0 F - 7 ]
fi6 3 9 0 3 t - 0 1 1 2(5 . 424 0 6—; 1
87 0 .  3 2 2 2 E- r» 1 127 tt*. 5°  1 4 r -  - 1
6 3 tt• 344 4 E“ 91 128 7 . 34 176—.'. 1
89 9 . 3 3 7 7 E - 0 1 . 129 r . 39 1 IE-*** l
9 0 \  3 1 19E-01 13-tt 0 , u 4 4 6 F -  ~ 1
n t t . 3 7 3 6 E - ^ 1 131 7 .  38 70r - -o i
9? 0 . 2 5 2 3 E - o  1 132 0 . 4 3 8 5 E - : 1
93 n * 5 5 7 2E-91 133 0 . 1 7 9  I F - 7  1
94 tt . 5722F. -01 1 34 t t . 1 1 4 4 0 —tt1
95 0 . 4 4 4 0 E- 0 1 1 35 7 . 9 6 7 7 6 - 0 2
9o " . 4 7 2 0 E- 91 136 3 . 4 7 5 3 tt-02
97 **. 337'  E - r 1 137 7 . 2 7  3 2 F - ' 2
98 r . 2 7 6 7 6 - 9 1 1 38 0 . 2 1 5 2 6 - 7 2
99 . 3 9 0 8 E - 0 1 1.39 0 .  31 71 E -  .0 2
I  no *’ . 6 98 3E- 0 1 147 7 56 9 6 - : . :
171 ~ . 3 2 4 8 E - 0 1 1 M o.  17 86F-C' 1
1 ■" 3 tt-. 3 5 7 5 6 - 0 1 142 7 • 290 2F--0 1
1 0 3 • 333 3E-01 143 0 . 1 4 1 1 6 —71
1 f 4 C. 1 3 6 8 6 —91 1 44 0 . 9 7 3 7 6 - 9 ?
1 tt 8 . . .  7 9 0 7 6 - 0  2 145 7 . 8 9 6 8 6 —: 2
1 06 t t . 1 7 4 8 6 - 0 1 146 0 . 1 6 07E- P2
1 v‘- 7 0 . 9 6 2 0 6 - 0 2 147 0 . 4 4 6  2 E-0 3
198 -tt. 12 4 9 t - t t 1 148 0 . 0
1**9 9 * 2 6  7 OF—01 149 0 . 0
l l t t C . 2 3 1 0 6 - 0 1 1 50 0 . 0
111 0 . 3 6 7 0 6 - 0 1
112 0 . 1 664E- 01
11 3 0 . 1 7 8 8 E - 9 1
114 C. 3 7 r f 46 - 0 i
115 0 . 2 3 5 5 6 - 0 1
11 6 7 . 6 9 1 5E-01
117 t t . 7 2 9 4 6 - 0 1
118 t t . 8 7 2 0 6 - 0 1
119 7 . 3 7 2 9 5 - ^ 1
127 0 . 1 34 3E- 01
T a b le  22 
S im u la te d  F i s s i o n  C ro ss  S e c t io n
a v e ra g e d  o v e r  10 keV i n t e r v a l s
1 0 . 1 967E-01
2 . 0 .1026E -01
5 0 .5 4 5 0 E -0 2
4 0 .3861E -01
5 0 .1 2 9 5 E -0 0
6 0 .5507E -01
7 0 .1 1 1 2E-00
8 0 .1 6 1 3 E -0 0
9 0 .1 6 0 1 E -0 0
10 0 .2 1 1 5 E -0 0
11 0 . 9898E-01
12 0 .2 5 6 3 E -0 1
13 O .46O6E-OI
14 • 0 .5268E -01
15 0.1218E -01
The n e u t r o n  f l u x  p ro d u c e d  a t  th e  tim e  o f  m easu rem en t was
235c a l c u l a t e d  by  m e a s u r in g  th e  o c - a c t iv i ty  o f  U a s  an  a - s o u r c e  by
p*ztr
means o f  th e  f i s s i o n  d e t e c t o r .  The am ount o f  U on th e  f o i l  was
e s t im a te d  by  th e  a - c o u n t  r a t e .  T a b le  B .1 g iv e s  t h e  a - c o u n t  r a t e  f o r
a l l  f o i l s .  The m ethod  o f  a - a c t i v i t y  m easu rem en t i s  d e s c r ib e d  i n
235A ppendix  B. The a - c o u n t  r a t e  f o r  U f o i l  i s  1248 c o u n ts  p e r  sec® 
The p e r c e n ta g e  c o n c e n t r a t i o n  o f  th e  f o i l  i s  g iv e n  b e lo w
Appendix A
A»1 CALCULATION OF NEUTRON FLUX
n234 1.14$
U235 92.9$
n256 0. 02$
COK\
OJH=> 5 .98$
From a knowledge of the  decay co n stan ts  of the c o n s ti tu e n ts , the
235e ffe c t iv e  mass o f U was c a lc u la te d  to  he 0.4399 mg. Taking from
6the  data  accumulated, the number o f f i s s io n  events during 57«5 x 10 
h u rs ts  of the beam produced by the  synchrocyclotron a t  the time 
obtained  was 529 w ith in  an energy in te rv a l  of AE = 23«5 keV a t  
16.835 m eters.
The f is s io n  ra te  c a lc u la te d  from th i s  i s ,
ry
F iss io n  Rate = 3*13 x 10 counts/sec/eV    ( l )
The f is s io n  ra te  can a lso  be c a lcu la ted  from the expression ,
F iss io n  Rate = the flu x  (d>) x no. of atoms in  the  sample 
x f i s s io n  cross sec tio n  (barn)
= (I) x Q23 ^ ~—  x .4399 x 10~3 x 1 .2 5  x 10~24
2 5 5
o r
3 .1 3 x 10^  = 0 x 1.39 x 10 4, which gives,
FIG. A.I
O  = 0.238 neutrons/sec/eV  a t  16.835 m eters.
235 2The area of the  U f o i l  was 3 cm .
® = 7*93 x 10 2 neutrons/cm 2/sec /eV  a t  16.835 m eters
-*•2 2  or 3*08 x 10 neutrons/cm  /sec /eV  a t  27 m eters.
This l a s t  f ig u re  i s  obtained so th a t  the f lu x  can he compared w ith 
the one obtained  a t  27 m eters in  1968 by M.S. Coates e t a l .  F ig . (A .i) 
is  reproduced from th is  r e f .  (PR/lTP-13 AERE R eport). The p resen t 
measured f lu x  i s  shown by an a s te r is k  a t  A. The comparison shows
th a t  flu x  has been improved by a f a c to r  of 1 .7  as compared to  the
* -2  2 one obtained in  th a t re p o rt (as 1.8 x 10 neutrons/cm  /sec/eV  a t
27 m ete rs.)
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P r e l im in a r y  E x p e r im e n ts  w i th  D e te c to r s
252B o1 R esponse  o f  th e  d e t e c t o r  w i th  C f . s o u rc e
The aim  o f  t h e s e  p r e l im in a r y  e x p e r im e n ts  was t o  d e te rm in e  th e  
o p e r a t i n g  c o n d i t i o n s  an d  th e  f i s s i o n  d e t e c t io n  e f f i c i e n c y  o f  th e  
d e t e c t o r s .  A c y l i n d r i c a l  cham ber was c o n s t r u c te d  o f  2 8 .5  cms h e ig h t  
and  25*4- cms d ia m e te r .  I t  had  a  rem o v a b le  l i d  to  w h ich  was a t t a c h e d  
a  s l i d i n g  ro d  to .  h o ld  th e  s o u rc e  f a c i n g  th e  d e t e c t o r .  F ig .  BO shows 
a  s k e tc h  o f  th e  ch am b er. The d e t e c t o r  was h e ld  i n  a  h o ld e r  f i x e d  to  
th e  l i d .  The d i s t a n c e  o f  th e  s o u rc e  c o u ld  he a d j u s t e d  to  g iv e  
s u i t a b l e  p u l s e s ,  an d  th e  s o u rc e  c o u ld  he rem oved to  a v o id  r a d i a t i o n  
damage to  th e  d e t e c t o r  w h en ev er r e q u i r e d .  The cham ber was c o n n e c te d  
to  a  h a c k in g  pump to  k e e p  i t  a t  low  p r e s s u r e .
I n  o r d e r  to  s tu d y  t h e  c h a r a c t e r i s t i c  o f  th e  d e t e c t o r  ,a s  a  
r e v e r s e - b i a s e d  d io d e ,  th e  p u l s e s  fro m  th e  d e t e c t o r  w ere  f e d  i n t o  a  
a n  a m p l i f i e r  u n i t  ty p e  94-/34-720/6. The a m p l i f i e r  s u p p l i e d  th e  
n e g a t iv e  b i a s  to  th e  d e t e c t o r  an d  g av e  an  o u tp u t  o f  t h e  leak ag e-
ft
c u r r e n t .  The le a k a g e  c u r r e n t  was m easu red  by  m eans o f  a  d i g i t a l  
v o l tm e te r .  The g ra p h  o f  le a k a g e  c u r r e n t  v s  b i a s  v o l t a g e ,  f o r  3 o f 
t h e  d e t e c t o r s  i s  shown i n  d ia g ra m s  o f  f i g .  B .1 .  The o p e r a t i n g  
v o l t a g e  was c h o se n  b y  ta lc in g  a  s u i t a b l e  v a lu e  on th e  p l a t e a u  o f  th e  
c u rv e .
I n  o r d e r  t o  ch eck  th e  f i s s i o n  d e t e c t i o n  e f f i c i e n c y ,  th e  p u l s e  
h e ig h t  sp e c tru m  o f  f i s s i o n  f r a g m e n ts  was o b ta in e d  b y  u t i l i z i n g  th e  
c i r c u i t  shown i n  b lo c k  d iag ra m  o f  f i g .  B .2 .
The a n a lo g u e  p u l s e s  from  th e  a m p l i f i e r  w ere  f e d  t o  an  a t t e n u a t o r  
an d  th e n  to  a n  A n a lo g u e  to  D i g i t a l  C o n v e r te r  (ADC). The o u tp u t  fro m  
ADC was d i s p la y e d  b y  p u l s e  h e ig h t  a n a ly s e r  and f e d  i n t o  th e  s c a l a r  1•
APPENDIX B
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Table B1
1 v 234
2 u234
3 d234
4 U235
Working
Voltage
V
Disc. Bias 
s e ttin g
a-Rate
counts/sec
60 10 2.67 x 1 05
4° 6 1.47 x 1 05
80 2 • 1.65 x 1 0 5
70 3 1246
\
The b a c k  b i a s  on th e  a n a ly s e r  cou ld , th e n  be a d j u s t e d  to  c u t  o f f  
a - p a r t i c l e  p u l s e s  and  o n ly  f i s s i o n  fra g m e n t sp e c tru m  r e f .  ( B . l )  
(B .2 )  c o u ld  be ex am in ed . (F ig .  4 * 4 ) .  An- o u tp u t  fro m  th e  a m p l i f i e r  
was a l s o  f e d  to  a  d i s c r i m i n a t o r  ty p e  2125A, AERE m o d e l. The 
d i s c r i m i n a t o r  b i a s  l e v e l  was a d j u s t e d  so  t h a t  th e  num ber o f  c o u n ts  
i n  s c a l a r  2 w ere  t h e  same a s  i n  s c a l a r  1 , th u s  g iv in g  o n ly  th o s e  
p u l s e s  w h ich  w ere b e in g  exam ined  b y  th e  a n a ly s e r .  T h is  m ethod a l s o  
h e lp e d  i n  s e t t i n g  th e  g a in  o f  th e  d e t e c t o r s  f o r  f i s s i o n  fra g m e n ts  
o n ly .  The f i s s i o n  f r a g m e n t  p u ls e  h e i g h t  sp ec tru m  i s  shown i n  .. "' 
f i g .  (4 . 4 ) .  I t  showed t h a t  th e  d e t e c t o r s  w ere n e a r l y  100% 
e f f i c i e n t ,  i n  n o rm a l c o n d i t i o n .
B .2  R esponse  w i th  a - s o u r c e s------------------— ii— -  -
241An Am f o i l  was p la c e d  i n  f r o n t  o f  th e  d e t e c t o r .  The. p u ls e  
h e i g h t  sp e c tru m  c o n s i s t i n g  o f  a  p e a k  was exam ined  by  m eans o f  th e  
sam e c i r c u i t  a s  shown i n  B .2 .  A p l o t  o f  th e  c h a r a c t e r i s t i c  was 
a l s o  o b ta in e d  by  o b s e r v in g  a -p e a k  i n  d i f f e r e n t  c h a n n e ls ,  ch a n g in g
w i th  i n c r e a s i n g  v o l t a g e ,  an d  p l o t t i n g  th e  a -p e a k  c h a n n e l  num ber v s
$
v o l t a g e ,  f i g .  ( 4 . 7 ( a ) ) .  The d io d e  c h a r a c t e r i s t i c  show ed a  f l a t
235r a n g e  o f  w o rk in g  v o l t a g e  p l a t e a u .  The a - c o u n t  r a t e  f o r  U and  
234U f o i l s  was d e te rm in e d  by  m ethod  d e s c r ib e d  i n  s e c t i o n  6 . 3 . The 
num ber o f  a - c o u n ts  p e r  s e c  a g a i n s t  ■ 'd is c r im in a to r  b i a s  l e v e l  w ere 
p l o t t e d  f o r  e a c h  d e t e c t o r .  F ig .  B . 3  shows t h e  p l o t - f o r  th e  f o u r  
d e t e c t o r s ,  an d  th e  a - c o u n t  r a t e  o b ta in e d  f o r  e a c h  f o i l  i s  g iv e n  i n  
T a b le  B. 1.
W ith  th e  h e lp  o f  th e  a - c o u n t  r a t e  o b ta in e d  i n  t h i s  e x p e r im e n t 
i t  was p o s s i b le  t o  c a l c u l a t e  n e u t r o n  f l u x  o f  t h e  s y n c h r o c y c lo t r o n .
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